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Abstract.
The present status of precision electroweak data is reviewed. These data include
measurements of e+e− → ff , taken at the Z resonance at LEP, which are used to
determine the mass and width of the Z boson. In addition, measurements have also
been made of the forward-backward asymmetries for leptons and heavy quarks, and
also the final state polarisation of the τ -lepton. At SLAC, where the electron beam
was polarised, measurements were made of the left-right polarised asymmetry, ALR,
and the left-right forward-backward asymmetries for b and c quarks.
The mass,mW, and width, ΓW, of the W boson have been measured at the Tevatron
and at LEP, and the mass of the top quark, mt, has been measured at the Tevatron.
These data, plus other electroweak data, are used in global electroweak fits in which
various Standard Model parameters are determined. A comparison is made between
the results of the direct measurements of mW and mt with the indirect results coming
from electroweak radiative corrections. Using all precision electroweak data fits are also
made to determine limits on the mass of the Higgs boson, mH. The influence on these
limits of specific measurements, particularly those which are somewhat inconsistent
with the Standard Model, is explored. The data are also analysed in terms of the
quasi model-independent ǫ variables.
Finally, the impact on the electroweak fits of the improvements in the determination
of the W-boson and top-quark masses, expected from the Tevatron Run 2, is examined.
1. Introduction
The Standard Model (SM) has not come from a sudden inspirational flash of brilliance,
be it in the bath or elsewhere! Instead it is a compact summary of experimental facts and
theoretical ideas. It has taken the painstaking work of many thousands of researchers,
both experimenters and theorists, over several decades to achieve the form of the model
that we know today. Apart from a few possible discrepancies, which are discussed in
detail below, the model is consistent with a huge amount of precisely measured physical
quantities. The various pieces of data which have, from time to time, shown conflict
2with the SM have, on analysing more (or better quality) data, returned to the fold of
compatibility with the SM.
Yet the Standard Model is almost certainly wrong! It is clearly incomplete, as it does
not include the force of gravity. It also suffers from severe theoretical problems when
the higher-order perturbative corrections to the Higgs boson mass are computed. These
corrections would most naturally be infinite in the SM, and can only be rendered finite by
rather inelegant means. The introduction of Supersymmetry, in which a supersymmetric
partner for each SM particle is introduced, can cure the potential divergences associated
with the Higgs particle. However, the cost is a large increase in the number of parameters
in the model. As yet, there is no direct evidence for Supersymmetry.
This review is organised as follows. In section 2 a brief review of the Standard Model
is given, together with a discussion of electroweak radiative corrections. The properties
and results of the Z boson are described in section 3, and those of the W boson in
section 4. In section 5, the running of the electromagnetic coupling constant α(s) is
discussed, and in section 6 other electroweak measurements are briefly described. In
section 7 the constraints and tests of the validity of the Standard Model are examined,
and in section 8 the future prospects for electroweak measurements are assessed. There
is a brief summary in section 9.
2. The Standard Model
2.1. The building blocks
In the development of the Standard Model experimental discovery and theoretical
insights have gone hand in hand†. Experimentally, the discovery of the electron, then
the nucleus and its proton and neutron constituents, was the starting point. Studies on
radioactive nuclei led to the recognition that, in addition to electromagnetic interactions,
there were also weak interactions, and to the hypothesis of the feebly interacting
neutrino. The experimental discovery of a more massive lepton, the muon, was (and
still is) a puzzle. The third charged lepton, the τ , completes the known spectrum.
In addition, it was experimentally established that the neutrinos associated with the
electron and the muon have different interactions. Our current picture is that we
have three generations of leptons: the electron, muon and tau, and their corresponding
neutrinos. These neutrinos are light on the scale of the charged leptons, and there
is an increasing body of experimental evidence, from neutrino-oscillation experiments,
indicating that one or more may have non-zero mass.
The discovery of the pion, followed by the kaon and many other meson and baryon
states, manifested the strong interaction. The study of the lowest-lying meson and
† For more details and a bibliography see, for example, [1]
3baryon multiplets led to the hypothesis of non-integrally charged up(u), down(d) and
strange(s) quarks. Initially the quark-model was regarded by many as a convenient
classification scheme for hadronic states, without the quarks necessarily having any
physical significance. The extension of this static quark idea to a more physical dynamic
interpretation came as a result of studies of deep-inelastic scattering off nucleons, using
both charged lepton and neutrino beams. At high enough energies, the scattering was
consistent with being off the fractionally charged up and down quark constituents of
the nucleon. These results also suggested, by energy-momentum conservation, that
there was a further fundamental constituent of the nucleon, the gluon, which did not
participate directly in these interactions. Studies of the process e+e− → qq had shown
that hadronic jets were formed along the directions of the quark and antiquarks, giving
a two jet topology in the bulk of the events. The study of three-jet events showed the
existence of the process e+e− → qqg, in which the gluon produced a jet of hadrons
similar in properties to those produced by quarks and antiquarks.
Various experimental observations involving quarks, together with the symmetry
principles of the wave-functions of the lightest baryons, led to the concept of colour;
that is, each quark comes in three distinct types, or colours. This, plus further work on
these strong interactions and the discovery of charm(c), bottom(b) and top(t) quarks, led
to the formulation of the theory of Quantum Chromodynamics (QCD), which attempts
to describe the strongly interacting behaviour of quarks, antiquarks and gluons.
Pioneering work, post Second World War, showed that the potentially infinite
quantities in Quantum Electrodynamics (QED), such as the mass and charge of the
electron, could be controlled through the procedure of renormalisation. This renewed
attempts to produce a combined description of electromagnetic and weak interactions in
terms of a relativistic quantum field theory. The existing theory of weak interactions at
that time was the V-A theory, which grew out of Fermi’s theory. In the V-A theory the
fermions have only left-handed couplings. These ideas could be extended to include a
virtual massive charged vector boson W, with a role analogous to that of the photon in
QED, but the resulting theory was not renormalisable. A crucial piece of experimental
input was the discovery of neutral currents (NC) in neutrino-nucleon deep inelastic
scattering. Prior to this, charged current (CC) interactions had been found, which
could be described by the exchange of a virtual charged W boson, leading to a final
state containing a charged lepton. In the neutral current interactions there was no final
state charged lepton, and this indicated the exchange of a massive neutral boson, the Z
boson.
Further work has also shown that the six quarks can be grouped into three doublets
u-d, c-s and t-b. This grouping is similar to that of the three left-handed lepton
doublets, each of which consists of a neutrino and its corresponding charged lepton.
There is an underlying SU(2) symmetry, and the quantum number corresponding to
4these doublets is called weak isospin; in analogy with the strong isospin successfully
developed in understanding strong interactions. The leptons and quarks also have right-
handed singlet states corresponding to a U(1) symmetry, with quantum number weak
hypercharge.
The unified electroweak theory which evolved, and which was later shown to be
renormalisable, described the interactions of the spin-1
2
fermions (leptons and quarks)
and the spin-1 gauge bosons (photon, Z and W+−). To describe the neutral current
interactions, the physical photon (A0) and Z boson (Z0) fields are written as a linear
combination of the neutral gauge bosons W03 and B, which correspond to the SU(2) and
U(1) groups respectively, as follows
Z0 = cos θWW
0
3 − sin θWB0
A0 = sin θWW
0
3 + cos θWB
0, (1)
where θW is the Weinberg or weak mixing angle.
This theory, due mainly to Glashow, Salam and Weinberg, unified the weak and
electromagnetic forces, but with just these spin-1
2
fermions and spin-1 bosons all the
particles in this theory are massless. The W and Z bosons have masses of about
mW ≃80 GeV and mZ ≃ 91 GeV respectively, whereas the direct experimental limit
on the photon mass is mγ ≤ 2 10−16 eV [2], and is consistent with being massless. A
massless gauge boson is described by only two spin states, whereas there are three for
the massive case. A possible remedy was provided by the introduction of a complex
weak doublet of scalar bosons, the Higgs doublet, which gives mass to the fermions and
the massive gauge bosons. Through the process of spontaneous local symmetry breaking
three members of the Higgs doublet gets ‘eaten’ to form the longitudinal spin states of
the massive gauge bosons. This leaves one massive physical neutral scalar particle, the
Higgs boson H. This Higgs mechanism gives the relationship that mW = mZcos θW , or
sin2θW = 1−m2W/m2Z, between the masses of the W and Z bosons. These massive gauge
bosons were discovered in high energy proton-antiproton collisions at CERN. The mass
of the Higgs boson is not predicted by the theory, and so far it has not been discovered.
There is, however, a possible signal, with a significance of about 2 standard deviations,
from the combined LEP data, at a mass of 115 GeV [3].
The fermion masses are accounted for by introducing a fermion-Higgs field with
Yukawa couplings. This does the job, but there is no predictive power on the fermion
masses since each mass corresponds to an arbitrary coupling parameter, and must
therefore be specified from the experimentally measured value.
For the strong interaction sector of the SM, invariance under local colour
transformations leads to the theory of QCD and the group SU(3)c. The gauge bosons
are the eight massless gluons.
52.2. Electroweak interactions
The charged fermions have both left-handed and right-handed states. The
electromagnetic interaction depends only on the charge of the fermion and does not
distinguish between these states. However, the weak interaction does depend on the
handedness of the state. For example, for the first generation of leptons, the left-handed
electron state eL and the neutrino νe form a weak isospin doublet, whereas the right-
handed state eR is a singlet. In addition to the left-handed weak isospin t, there is a
further quantum number, the weak hypercharge y; defined such that the charge q = t3
+ y/2. The properties of the fundamental fermions are given in table 1†. Note that
the classification for neutrinos is that of the Minimal Standard Model, in which the
neutrinos are massless.
Table 1. Quantum numbers for the fermions in the Standard Model, where q is the
charge, and t and t3 denote the weak isospin and its third component.
Fermion Generation Quantum Numbers
1 2 3 q t t3
Leptons
(
νe
e
)
L
(
νµ
µ
)
L
(
ντ
τ
)
L
0
−1
1
2
+ 12
− 12
eR µR τR −1 0 0
Quarks
(
u
d
)
L
(
c
s
)
L
(
t
b
)
L
+ 23
− 13
1
2
+ 12
− 12
uR cR tR +
2
3 0 0
dR sR bR − 13 0 0
The electroweak theory is based on the symmetry of invariance under local gauge
transformations. That is, the physical equations are invariant under a phase change
applied independently at each space-time point. The group corresponding to weak
isospin is SU(2)L, whereas that for weak hypercharge is U(1)y. In the electroweak theory
there is invariance under SU(2)L⊗U(1)y. There are constants g and g′ corresponding to
† Direct evidence for the last remaining building block, the τ neutrino, has recently been presented by
the DONUT Collaboration [4], which uses emulsion detectors in an intense neutrino beam at Fermilab,
in which the electron and muon neutrino fluxes are heavily suppressed.
6the SU(2)L and U(1)y groups. These are related to the electron charge e and sin θW by
e = g sin θW = g
′
cos θW. (2)
2.3. Electroweak couplings of SM particles
The interaction vertices involving a Vector Boson (V=W,Z) and a fermion-antifermion
pair (see fig.1) are of great importance. These can be classified as charged or neutral
currents, depending on the nature of the Vector Boson.
V
f
-
f
Figure 1. The interaction vertex of a Vector Boson V (W or Z) with a fermion-
antifermion pair.
Charged current interactions involve the W+− bosons, and the interaction
Lagrangian for the Wff¯
′
vertex has the form
LCC = − g
2
√
2
W−µ j
µ
CC , (3)
with
jµCC = f¯
′γµ(1− γ5)f, (4)
where (f,¯f
′
) = (ℓ−,ν¯ℓ) for leptons and (q 1
3
,q¯ 2
3
) for quarks, with q 1
3
= (d,s,b) and q 2
3
=
(u,c,t). This form corresponds to pure left-handed coupling of the W to fermions.
The neutral current Lagrangian for the Zff vertex can be written as
LZNC = −
g
2 cos θW
Zµj
µ
NC , (5)
with
jµNC = f¯γ
µ(vf − afγ5)f = f¯γµ[CfL(1− γ5) + CfR(1 + γ5)]f. (6)
Here vf and af† are the vector- and axial-vector couplings. There are both left-
handed (CfL = ℓf = (vf + af)/2) and right-handed (C
f
R = rf = (vf − af)/2) terms. In the
† The alternative symbols gV f (or gfV ) and gAf (or gfA) are also used.
7SM, at tree-level,
vf = t
3
f − 2qf sin2θW, af = t3f , (7)
where t3f is the third component of the weak-isospin (see tab.1).
The photon-fermion coupling, for a fermion of charge qf , has the form
LγNC = −eqfAµjµγ , (8)
with
jµγ = f¯γ
µf, (9)
that is, the left- and right-handed couplings are equal, and there is only a vector term.
For the case of polarised fermions, the left- and right-handed fermion components, i.e.
(1-γ5) and (1+γ5), are used. More details and specific Born-level calculations in the SM
can be found in [1].
Many of the electroweak interactions discussed later involve the scattering of two
fermions i.e. f1f2 → f3f4. The matrix element for this process has the form
Mfi ∝ jµ12(PV )µνjν34, (10)
with jµ12 = f¯2γ
µ(ǫV − ǫAγ5)f1 etc. The couplings ǫV and ǫA depend on the form of the
interaction, as discussed above. The vector-boson propagator PV has the form 1/s for a
photon, and the relativistic Breit-Wigner resonance form
PV ∝ 1
s−M2V + isΓV /MV
(11)
for V=W or Z, where s is the centre-of-mass energy squared. For the case of a neutral
current interaction involving charged particles, both γ and Z exchange are possible, so
there is a γ-Z interference term. This latter term has an energy dependence proportional
to the difference (s-m2Z), and so changes sign in going from below to above the Z-pole.
The fermion decay f1 → f2f3f4 has a CC matrix element similar in form to that in
eqn.(10), with a W-boson far from its mass shell except for the decay of the top-quark.
The Higgs boson is a neutral scalar particle in the SM, of (unknown) mass mH. In
the kinematic regime explored at LEP the main decays considered are H → ff. The
coupling is proportional to the fermion mass mf , so H → bb and H → τ+τ− are the
dominant decay modes for mH up to about 120 GeV. For higher masses the decays H
→ WW and ZZ become increasingly important.
2.4. Parameters and predictions of the SM
In the Standard Model there is invariance under the combination SU(3)c⊗SU(2)L⊗U(1)y.
The Lagrangian of the Standard Model can be completely specified, but exact solutions
8have so far not been obtained. Instead, low-order perturbation theory is used. The
infinities arising in the renormalisation process are rendered harmless by expressing the
results of these perturbative calculations in terms of precisely known physical quantities.
The QCD part of the SM, corresponding to the SU(3)c group, has only one
parameter: the gauge coupling constant gs. This constant is not specified by the theory.
Higher order QCD effects introduce a dependence on the momentum scale Q in the
QCD coupling parameter αS. The value of αS(Q) decreases as the scale Q increases. It
is usual to specify the value at the scale Q = mZ; thus giving αS(mZ).
The electroweak sector is more complicated. There are constants g and g
′
corresponding to the SU(2)L and U(1)y groups. The Higgs potential term in LSM is
V (φ) = µ2 | φ |2 +λ2 | φ |4, (12)
with parameters µ (µ2 < 0) and λ. Alternatively these can be cast in terms of the
vacuum expectation value (vev), v, and the mass of the Higgs boson, mH.
There are also parameters associated with the masses and mixing angles of the
leptons and quarks. For the lepton sector, in the case of massless neutrinos, there are
three parameters corresponding to the charged lepton masses. For the quark sector
there are parameters for the quark masses, and there are four mixing angles needed to
describe the CC transitions between quark states. The set of these fermion parameters
is referred to as {mf}. This gives in total 17 parameters for the electroweak sector,
and all but two of these (g and g
′
) are associated with the Higgs field. The number of
parameters is of course larger if the neutrino sector also has mass. Thus the Higgs can
solve the problem of giving mass to the particles, but only at the expense of a large
number of parameters.
In addition, the SM embodies some explicit assumptions which do not directly
appear as parameters. The hypothesis of lepton universality is assumed. That is, the
overall couplings of the leptons are the same, and any differences arise only from the
lepton masses. The same is also the case with the quark sector. It is thus important to
test these hypotheses experimentally.
In addition to the aesthetic problem that the Higgs mechanism introduces a large
number of parameters, there is a further, and more fundamental, problem with the
Higgs boson. The mass of the scalar Higgs boson has contributions from loop diagrams
which involve integration over the four-momentum of the loop. The resulting Higgs
mass depends on the upper limit of this integration. In the SM there is no upper scale
to fix this limit. The SM does not include the force of gravity, which is another serious
deficiency. Using the Planck scale of ≃ 1019 GeV as an upper limit could resolve the
problem, but only at the expense of having to fine-tune cancellations to many significant
figures. The problem of the large difference between the electroweak scale and that where
new physics, beyond the SM, enters is known as the hierachy or naturalness problem.
9A possible solution to the hierachy problem is the introduction of a further symmetry
of nature called supersymmetry. This corresponds to space-time transformations which
change fermions into bosons, and vice versa. The introduction of supersymmetry (or
SUSY) essentially doubles the number of fundamental particles. There is a scalar super-
partner for each fermion and a spin-1
2
super-partner for each spin-1 particle. In the
calculation of the Higgs mass, the loop contributions from the s-particles have the
opposite sign to those of their corresponding particles, and thus tend to cancel the
divergent loop contributions. However, none of these super-particles (or s-particles)
have been observed, so supersymmetry, and this cancellation, cannot be exact. For the
cancellation to work, the s-particles cannot be too massive; and that sets an upper limit
on the s-particle masses in the TeV range.
The introduction of supersymmetry into the SM, the simplest version of which is
the Minimal Supersymmetric Standard Model (MSSM), brings with it many (more than
100) extra prameters. There is, without as yet any experimental guidance, a choice
among many possibilities as to how supersymmetry is broken. The phenomenology is
thus complicated and is outside the scope of this article.
2.5. Electroweak Radiative Corrections
In the electroweak sector, as discussed above, there are the SM parameters g and g
′
,
or e and sin2θW, as well as the Higgs mass mH and vev v. Alternatively, these can be
expressed in terms of the electromagnetic coupling constant α, the gauge boson masses
mZ and mW, and also mH. In addition, there are the fermion parameters {mf}, and the
QCD parameter αs.
For SM predictions at the scale mZ, the QED coupling, α, is needed at this scale.
Although α(0), at scale q2 = 0, is precisely known experimentally, there is, as discussed
in section 5, some significant uncertainty on α(mZ). The value of the Fermi coupling
constant, GF, is accurately determined from measurements of µ decays [2]. Although GF
is specified directly in terms of mW at the Born-level, the introduction of higher-order
loops means that, in the calculation of mW in terms of GF, a dependence on other SM
parameters enters the computation.
The relationship between the neutral and charged weak couplings fixes the ratio of
the W and Z boson masses, namely
ρ =
m2W
m2Z cos
2θW
. (13)
This ρ parameter is determined by the Higgs structure of the theory. In the Minimal
Standard Model, where there are only Higgs doublets, ρ is unity. Electroweak radiative
corrections lead to ρ = 1 + ∆ρ.
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Electroweak corrections modify the tree-level relationships such that
GF =
πα√
2m2W sin
2θW
1
(1−∆r) , (14)
where sin2θW = 1−m2W/m2Z. The quantity ∆r, which is zero at tree-level, is given by
∆r = ∆α +∆rw. (15)
The term ∆α controls the running of α(s), and is given by
α(s) =
α(0)
1−∆α(s) =
α(0)
1−∆αlept(s)−∆αtop(s)−∆α(5)had(s)
, (16)
where α(0) = 1/137.036. At LEP/SLD energy scales this becomes α(mZ) ≃ 1/129. The
dominant term in ∆rw is given by ∆ρ, defined above:
∆rw = −cos
2θW
sin2θW
∆ρ+∆rremainder. (17)
γ,Z/W
f
f−/f’
γ,Z/W γ,Z/W
W
W/γ,Z
γ,Z/W
Z/W
H
Z/W
Z/W Z/W Z/W
H
Figure 2. Electroweak loop corrections to the gauge boson propagators.
Electroweak corrections enter through loop diagrams to the vector boson
propagators, see fig.2, and through vertex corrections. The leading-order contributions
to ∆rw depend on the masses of the top quark, mt and Higgs boson, mH:
∆rt = − 3GFm
2
W
8
√
2π2
m2t
m2W
cos2θW
sin2θW
+ · · · (18)
∆rH =
11
3
GFm
2
W
8
√
2π2
(
ln
m2H
m2W
− 5
6
)
+ · · · . (19)
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The leading contributions are thus ∆rt ∝ m2t and ∆rH ∝ ln(mH). The largest effect
is from the top-quark mass, mt. This is because of the large difference in mass between
mt (≃ 175 GeV) and that of the bottom-quark, mb (≃ 5 GeV).
The large amount of electroweak data, accumulated from e+e− colliders working at
the Z peak and available in the early Nineties, was sufficiently accurate to make an
estimate of the top-quark mass from electroweak fits, within the context of the SM.
For example, the data available in Summer 1994 [5], around the time of the top-quark
discovery, gavemt = 173
+12
−13 GeV formH = 300 GeV, with additional uncertainties of -20
and +18 GeV if the Higgs mass is varied from 60 to 1000 GeV. This SM prediction was
in good agreement with the directly measured value of mt ≃ 175 GeV. This represents
a triumph for the Standard Model. The current situation, and also the sensitivity to
the Higgs boson mass, is discussed in section 7.
A more detailed discussion of electroweak radiative corrections, as well as other
theoretical issues of the SM, can be found in [6, 7].
3. The Z boson
The data on the Z boson discussed in this review come from the e+e− colliders at
LEP in CERN, Geneva, Switzerland, and from the Stanford Linear Collider (SLC), in
California, USA. Most of the Z boson data are, or are very close to being, final. The
data used here are mainly those presented at the EPS 2001 Conference in Budapest,
Hungary, in July 2001 [8], in which a full list of references to individual results can be
found.
The lowest-order Feynman diagrams for the process e+e− → µ+µ−, and also where
there is an initial state radiation of a photon, are shown in fig. 3.
3.1. Z boson variables
The Z boson decays to ff¯ and the Zff vertex can be described by effective vector (vf)
and axial-vector (af) coupling constants † such that, to a very good approximation, the
Born-level formulae are retained. It is useful to define the polarisation parameter
Af = 2vfaf
(v2f + a
2
f )
=
ℓ2f − r2f
ℓ2f + r
2
f
. (20)
The cross-section for e+e− → ff, close to the Z pole, may be written in terms of the Z
mass, mZ, and total width, ΓZ, as
σf (s) =
σ0f
(1 + δQED)
sΓ2Z
(s−m2Z)2 + s2Γ2Z/m2Z
+ σγ + σγ/Z , (21)
† These are in general both complex and energy dependent. In practice, the values are extracted at
the Z pole with the imaginary parts taken from the SM; see [7] for a detailed discussion.
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e
-
e
+
Z0/γ
µ-
µ+
e
-
e
+
Z0/γ
µ-
µ+
ISRγ
Figure 3. Feynman diagrams for the lowest-order process e+e− → µ+µ− and for the
case where there is initial state radiation of a photon.
where s is the square of the centre − of − mass energy. The QED factor δQED =
3α(mZ)/4π cancels the corresponding factor in the Γee partial width (see below). The
contributions σγ and σγ/Z from γ-exchange and γ-Z interference are small ( <∼ 1%) in
the region around the Z-pole. The Breit-Wigner form has an s-dependent width, which
takes into account higher-order effects [9]. σ0f is the pole cross-section, which is defined
as
σ0f =
12πΓeeΓff
m2ZΓ
2
Z
. (22)
Here, Γff is the partial width for Z→ ff, which in turn can be written as †
Γff =
GFm
3
Z
6π
√
2
(v2f + a
2
f )fQCDfQED . (23)
The final-state QED correction factor is fQED = 1 + 3α(mZ)Q
2
f/4π, whereas fQCD is
unity for leptons and fQCD = 3(1 + cqαs(mZ)/π + ..) for quarks, with cq ≃ 1.
The formula for the cross-section σf (s) is an effective Born-level formula and must
be convoluted with QED radiative corrections before comparing with experiment. The
cross-sections which are measured in practice are for e+e− → hadrons and e+e− → ℓ+ℓ−,
for ℓ = e,µ,τ . The hadronic width Γhad is the sum of Γq for q=u,d,s,c,b. The total Z
width, assuming lepton universality, is ΓZ = Γhad+3Γℓℓ+Γinv, where Γinv = 3Γνν in the
SM. The results below are expressed in terms of the ratio of the hadronic to leptonic
† All the formulae here are for mf=0. In practice, finite mass terms are taken into account.
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partial widths Rℓ (ℓ = e,µ,τ), where
Rℓ =
Γhad
Γℓℓ
. (24)
The distribution of the angle θ of the outgoing fermion f, with respect to the incident
e− direction is given, at Born-level, by
dσ
d cos θ
∝ 1 + cos2 θ + 8
3
AFB cos θ. (25)
The forward-backward asymmetry is defined as AfFB = (σF−σB)/(σF+σB), where σF (σB)
are the cross-sections in the forward (backward) directions. The value measured at the
Z-pole, the pole asymmetry, is defined as
A0, fFB =
3
4
AeAf . (26)
Since Af depends on the ratio vf/af , a measurement of A0, fFB depends on both ve/ae and
vf/af . The effective couplings can also be written as
af = t
3
f
√
ρf ,
vf
af
= 1− 4|qf | sin2θfeff , (27)
where t3f is the third component of the weak isospin. The mixing angle defined for
leptons (sin2θlepteff ) is used for reference. Those defined for quarks have small shifts, due
to SM plus any new physics [10].
3.2. LEP lineshape scans and beam energy determination
The LEP e+e− Collider took data at the Z-pole between 1989 and 1995 (LEP 1 phase).
There were lineshape scans, in which data were taken at a series of energy settings
within ± 3 GeV of the Z-pole, in all years except 1992 and 1994. The early scans had
seven energy points, whereas those in 1993 and 1995 had three points. In the two latter
scans, the two off-peak energy points were situated at about 1.8 GeV below and above
the Z peak, and are referred to as peak-2 and peak+2 respectively. The choice of these
energies optimised the precision on the Z width. In both these scans the total off-peak
luminosity was about 20 pb−1, significantly higher than in the 1991 and earlier scans.
Good accuracy on the LEP beam energy ELEP is crucial in the determination of
mZ and ΓZ. A precise energy calibration measurement (E
pol
LEP , with δEcms ≤ 0.8 MeV)
of the average circulating beam energy can be made using the technique of resonant
depolarisation. This technique was available, but only at one energy point, for the 1991
scan. For the 1993 and 1995 scans it was available at all the energy points. For the two
latter scans, most of the energy calibration measurements were performed after physics
data-taking at the end of fills. For the 1993 scan, about one-third of the off-peak fills
(representing about 40% of the recorded off-peak luminosity) was calibrated. For the
1995 scan about 70% of the recorded off-peak luminosity was calibrated.
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Although resonant depolarisation gives a very precise energy value at the time of
measurement, the LEP energy varies with time, due to the Earth tides and other effects
such as the temperature of the dipole magnets. Since the RF frequency, and thus
the orbit length, is fixed, stresses in the local rock structure result in changes to the
position of the beams in the quadrupole magnets. This changes the beam energy, since
the effective dipole field changes. These energy changes can be tracked accurately using
measurements of the horizontal beam orbit positions, xorb. For the 1993 scan a model for
ELEP was developed, based on xorb, together with correction terms from the magnetic
dipole fields and temperatures, the RF cavity voltages, as well as other factors [11].
In the analysis of the 1993 scan a term was included for the increase in the energy
during a fill, based on observations of an NMR device in a reference dipole magnet
(outside the LEP ring), which showed an upward drift in the field together with
occasional jumps of a few MeV. To understand better these effects in 1995, two NMR
devices were inserted in dipole magnets in the LEP ring. Furthermore, in four physics
fills energy calibration measurements were made at both the beginning and end of fills
to measure the energy change. The NMR devices showed a significant amount of noise,
which was largely anti-correlated in the two devices which were on opposite sides of the
LEP ring, and which was much smaller between midnight and 5am. The main cause
of this noise was traced to local electric trains, the earth currents from which travelled
along the LEP beam pipe. When averaged over several fills these NMR devices showed
an increase in energy during a fill of typically 5 MeV (much larger than the rise estimated
in [11]). The magnitude of the rise was confirmed using the beginning and end of fill
energy calibrations, as well as studies of fills in machine development periods in 1993
and 1995 in which energy calibration measurements were made over periods of several
hours.
An improved model, including this rise term, was developed [12], both for the
1995 scan and also for a revised analysis of the 1993 scan, and also the 1994 peak
data. For each energy and year a single normalisation parameter was used and the
rms values of EmodelLEP - E
pol
LEP were determined. These rms values (typically a few MeV)
are of importance in determining the energy error on those fills with no polarisation
measurement, since it is assumed that these follow the same distribution. The error for
the 1995 scan from this effect is smaller than for 1993 since a much higher fraction of
the off-peak luminosity was collected in calibrated fills.
The analysis of the energy values and errors for the years 1993 to 1995 includes
estimates of the correlations both between energy points and between years [12]. The
correlations between off-peak energy points are important because error components
which are highly correlated do not contribute significantly to δΓZ. The contributions of
the LEP energy uncertainties to the errors on mZ and ΓZ are δmZ(LEP) ≃ ± 1.7 MeV
and δΓZ(LEP) ≃ ± 1.2 MeV.
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The uncertainty of the LEP cms energy spread (≃ 55 ± 1 MeV) also gives rise to
an error on ΓZ, amounting to ± 0.2 MeV, significantly improved with respect to [11].
There are also smaller effects on some of the other Z parameters, as detailed below.
3.3. LEP data on cross-sections and lepton asymmetries
Between 1989 and 1995 a total of 15.5 million hadronic Z decays and 1.7 million leptonic
decays were recorded by the four LEP experiments (ALEPH, DELPHI, L3 and OPAL).
These events have distinctive topologies; for the hadronic events there is a large visible
energy and a large hadron multiplicity, whereas for the leptonic events there are two,
approximately back-to-back, high energy leptons. Each experiment measures the total
cross-section for e+e− → hadrons and e+e− → ℓ+ℓ− (ℓ = e,µ,τ), and the forward-
backward asymmetries for e+e− → ℓ+ℓ−, at each energy point.
The data taking periods can be separated into two phases. In the first phase, up
to 1992, the energy determination was rather imprecise. The second phase consisted
of data from the 1993 and 1995 scans, and from the ≃ 60 pb−1 on-peak data in 1994.
Details of the analysis methods of the four experiments can be found in [13, 14, 15, 16].
As discussed below, fits are made to the entire dataset by each experiment, taking
into account the correlations in systematic errors arising for experimental effects such as
detection efficiencies, the LEP energy uncertainties and also theoretical uncertainties.
To match these impressive statistics the systematic errors need to be well
understood. This is indeed the case. The experimental error on the luminosity, which
is determined from the e+e− → e+e− cross-section at small angles, is determined to
better than 0.1% by each of the four experiments. This requires knowledge of both the
absolute and relative positions of the detectors at the 10-20 µm level; an impressive
achievement.
The theoretical error on the luminosity has improved significantly since the 1994
ICHEP in Glasgow [5], when the error was δL/L(theory) = 0.25%. More recent
calculations, using BHLUMI 4.04 [17, 18], include O(α2L2) terms (where L denotes the
leading log term), as well as improved treatment of the γ-Z interference contributions.
The estimated theory error is δL/L(theory) = 0.06%. Note, however, that this error is
common between the LEP experiments† , and is comparable to that from the combined
experimental component, which is also about 0.06%.
The event selection efficiency for σ(e+e− → hadrons) is known to the very accurate
precision of <∼ 0.1%. The averages of the measurements of the hadronic cross-sections,
as a function of centre-of-mass energy, are shown in fig. 4. The importance of the effects
of initial state QED radiative effects can be seen, as the cross-section deconvoluted for
† In fact for the OPAL experiment only 0.054% is common, as the effects of light fermion pairs [19]
are also included, which reduces the uncertainty.
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these effects is also shown. The lepton cross-section efficiencies are somewhat less well
determined (0.1-0.7%), and the systematic errors on these measurements are roughly
comparable to the statistical errors. The errors on AℓFB are mainly statistical in nature.
However, for the reaction e+e− → e+e− there is a large t-channel contribution, and this
is subtracted in order to obtain the s-channel cross-sections and asymmetries; see, for
example, fig. 5. The theoretical errors estimated for this subtraction [20], which are
again common between the experiments, amount to 0.025 nb on σ0h, 0.024 on Re and
0.0014 on A0, eFB. The correlation between these, and also the correlations induced because
of the uncertainty in mZ in making these subtractions, are all taken into account.
The forward-backward asymmetries for leptons have also been measured as a
function of
√
s. An example of the results is shown in fig. 6.
Ecm [GeV]
σ
ha
d 
[n
b]
σ from fit
QED unfolded
measurements, error bars
scaled by factor 10
ALEPH
DELPHI
L3
OPAL
σ0
ΓZ
MZ0
10
20
30
40
86 88 90 92 94
Figure 4. Average LEP hadronic cross-sections, as a function of centre-of-mass energy.
The errors have been multiplied by a factor 10 for clarity. The shaded area shows the
cross-section, deconvoluted for the effects of QED, which defines the Z parameters
discussed in the text.
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Figure 5. Cross-section for Bhabha scattering, as a function of cms energy, from the
L3 Collaboration, showing the s,t and s-t interference components.
3.4. Combining the LEP lineshape and asymmetries
The combination of the data from the four LEP experiments should, ideally, take place
at the level of the measured observable quantities: the cross-sections and asymmetries.
However, due to the very complicated nature of the correlations, this has not been
attempted. Instead, for the purposes of combining the LEP data, each experiment
provides the results of a (so-called) model-independent fit to their cross-section and
asymmetry data in terms of nine variables. These are chosen to have small experimental
correlations and are mZ, ΓZ, σ
0
h, Rℓ and A
0, ℓ
FB (ℓ = e,µ,τ). These so-called pseudo-
observables or POs, as defined in [7], have been shown† to represent the results from each
experiment, which consist of around 200 cross-section and asymmetry measurements, to
an excellent degree of precision. The results of a 9 parameter fit to the combined LEP
data are given in table 2.
The combination takes into account errors which are common between the
experiments. These are shown in table 3. Those arising from the uncertainty on the
LEP energy determination and the beam energy spread, the t-channel subtraction and
† The combination procedure and justification are described in detail in [21].
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Figure 6. Forward-backward asymmetry for e+e− → µ+µ−, as a function of cms
energy, from the OPAL experiment.
the theoretical uncertainty on the luminosity have already been discussed. More details
can be found in [21], where the full correlation matrices are also given.
The remaining error in table 3, the ‘theory’ error, covers the effects of QED
uncertainties and differences in the precision electroweak programs (TOPAZ0 [22],
ZFITTER [23] and MIZA [24]), used to extract the pseudo-observables.
Uncertainties in the QED corrections, both from the effects of uncalculated higher-
order terms and from initial state fermion pair radiation, have been evaluated. Initial
state radiation corrections to O(α3) [25, 26, 27] (and see also [28, 29, 30, 31, 32, 33, 34]
for earlier work) are included, and a comparison of the predictions of TOPAZ0 and
ZFITTER [22, 23] has been made to evaluate the fermion pair uncertainties. The
resulting uncertainties are estimated to be 0.3 and 0.2 MeV on mZ and ΓZ respectively,
and 0.02% on σ0h.
A comparison of the theoretical predictions for the cross-sections of the programs
TOPAZ0 and ZFITTER, for a given set of SM input parameters, has been performed [22,
23, 35]. These differences have been transformed into differences in the fitted POs. The
uncertainties estimated in this way are 0.1 MeV on both mZ and ΓZ, 0.001nb on σ
0
h,
0.004 on Rℓ and 0.0001 on A
0, ℓ
FB.
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The largest uncertainty arising from the parameterisation used in extracting the
POs is from the γ-Z interference term for the e+e− → qq channel, which is fixed to its
SM value. Changing the Higgs mass from 100 and 1000 GeV, gives a change of +0.23
MeV on mZ. The uncertainty in α(mZ) (see section 5) leads to a negligible change in
mZ. The effects on the other POs are also negligible.
If lepton universality is imposed (evidence for this is discussed below), then there
are five variables. The results of the fit to the combined LEP data are given in table 4.
It can be seen from tables 2 and 4 that the Z mass and width are determined to δmZ=
2.1 MeV and δΓZ= 2.3 MeV respectively. These are impressive accuracies.
As a cross-check of the LEP energy determination, the values ofmZ for three separate
periods of data taking, namely the early data up to 1992, and the 1993 and 1995 energy
scans, have been determined. The values measured for these three periods are mZ =
91.1904 ± 0.0065, mZ = 91.1882 ± 0.0033 and mZ = 91.1866 ± 0.0024 GeV respectively,
giving confidence in the LEP energy determination.
Table 2. Results and correlation matrix of the 9 parameter fit to the LEP data. The
χ2/df of the average is 33/27, a probability of 21%.
quantity value error mZ ΓZ σ
0
h Re Rµ Rτ A
0, e
FB A
0, µ
FB A
0, τ
FB
mZ(GeV) 91.1876 0.0021 1.000 -0.024 -0.044 0.078 0.000 0.002 -0.014 0.046 0.035
ΓZ(GeV) 2.4952 0.0023 1.00 -0.297 -0.011 0.008 0.006 0.007 0.002 0.001
σ0h(nb) 41.541 0.037 1.00 0.105 0.131 0.092 0.001 0.003 0.002
Re 20.804 0.050 1.00 0.069 0.046 -0.371 0.020 0.013
Rµ 20.785 0.033 1.00 0.069 0.001 0.012 -0.003
Rτ 20.764 0.045 1.00 0.003 0.001 0.009
A0, eFB 0.0145 0.0025 1.00 -0.024 -0.020
A0, µFB 0.0169 0.0013 1.00 0.046
A0, τFB 0.0188 0.0017 1.00
Within the context of the Standard Model, the measurement of Rℓ can be used to
extract a value of the QCD coupling constant. The result is αs(mZ) = 0.122 ± 0.004,
where the central value is for mH = 100 GeV. The value of αs(mZ) would increase by
0.003 if mH = 1000 GeV was used.
Other quantities can be derived from these 9 or 5 parameter fits. Some of these are
given in table 5. The results for partial widths can also be transformed into Z branching
ratios, giving Z→ qq = 69.911 ± 0.056 %, Z→ ℓ+ℓ− = 10.0898 ± 0.0069 % and Z→ νν
= 20.000 ± 0.055 %. In addition the ratio Γinv/Γℓℓ= 5.942 ± 0.016 can be extracted.
When this is combined with the SM ratio Γνν/Γℓℓ = 1.9912 ± 0.0012, this gives the
number of light neutrinos:
Nν = 2.9841± 0.0083, (28)
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Table 3. Total and common systematic error components for the 9 parameters.
quantity total error LEP energy t-chann. luminosity theory
δmZ(MeV) 2.1 1.7 - - 0.3
δΓZ(MeV) 2.3 1.2 - - 0.2
δσ0h(nb) 0.037 0.011 - 0.025 0.008
δRe 0.050 0.013 0.024 - 0.004
δRµ 0.033 - - - 0.004
δRτ 0.045 - - - 0.004
δA0, eFB 0.0025 0.0004 0.0014 - 0.0001
δA0, µFB 0.0013 0.0003 - - 0.0001
δA0, τFB 0.0017 0.0003 - - 0.0001
Table 4. Results and correlation matrix of the 5 parameter fit to the LEP data. The
χ2/df of the average is 37/31, a probability of 23%.
quantity value error mZ ΓZ σ
0
h Rℓ A
0, ℓ
FB
mZ(GeV) 91.1875 0.0021 1.00 -0.023 -0.045 0.033 0.055
ΓZ(GeV) 2.4952 0.0023 1.00 -0.297 0.004 0.003
σ0h(nb) 41.540 0.037 1.00 0.183 0.006
Rℓ 20.767 0.025 1.00 -0.056
A0, ℓFB 0.01714 0.00095 1.00
which is 1.9 standard deviations from the SM value Nν = 3. The direct experimental
verification that there are just three light neutrinos is one of the most important results
from LEP.
The difference in the invisible widths between the measured and SM values (ΓSMinv =
501.7+0.1−0.9 MeV) gives ∆Γ
inv
Z = -2.7 ± 1.6 MeV, to be attributed to possible non-standard
contributions, i.e. not from Z→ νν. This can be converted into a limit ∆ΓinvZ < 2.0
MeV at the 95% c.l., where the limit is calculated allowing for only positive values of
∆ΓZ. This can be used to set limits on, for example, the pair production cross-sections
of ‘invisible’ supersymmetric particles.
3.5. τ polarisation
The outgoing fermions in the e+e− annihilation are generally polarised. However,
this polarisation can only be measured in the case of the τ -lepton, which decays via
τ− → ντW∗, with the virtual W∗ decaying to ℓ−ν¯ℓ or qq¯′, the latter leading to a variety
of possible hadronic states. The τ polarisation (Pτ ) is determined from studies of the
21
Table 5. Quantities derived from the 9 and 5 parameter fits. The lepton partial width
Γ
ℓℓ
is defined to be Γee for the case of lepton universality.
Without Lepton Universality With Lepton Universality
Γee(MeV) 83.92± 0.12 Γℓℓ(MeV) 83.984± 0.086
Γµµ(MeV) 83.99± 0.18 Γhad(MeV) 1744.4± 2.0
Γττ(MeV) 84.08± 0.22 Γinv(MeV) 499.0± 1.5
decay distributions of the τ leptons produced in Z decays. It is defined as:
Pτ = σR − σL
σR + σL
, (29)
where σR and σL are the τ -pair cross-sections for the production of a right-handed and
left-handed τ− respectively.
The angular distribution of Pτ , as a function of the angle θ between the e− and the
τ−, for
√
s = mZ, is given by:
Pτ (cos θ) = −Aτ (1 + cos
2θ) + 2Ae cos θ
1 + cos 2θ + 2AτAe cos θ , (30)
with Ae and Aτ defined in equation (20). In equation (30) the small corrections for the
effects of photon exchange, γ− Z interference and electromagnetic radiative corrections
for initial and final state radiation are neglected. All of these effects are taken into
account in the experimental analyses.
When averaged over all production angles Pτ gives a measurement of Aτ .
Measurements of Pτ (cos θ) provide nearly independent determinations of both Aτ and
Ae, thus allowing a test of the universality of the couplings of the Z to ee and ττ .
Table 6. LEP results for Aτ and Ae from the τ polarisation.
expt. Aτ Ae
ALEPH 0.1451± 0.0052± 0.0029 0.1504± 0.0068± 0.0008
DELPHI 0.1359± 0.0079± 0.0055 0.1382± 0.0116± 0.0005
L3 0.1476± 0.0088± 0.0062 0.1678± 0.0127± 0.0030
OPAL 0.1456± 0.0076± 0.0057 0.1454± 0.0108± 0.0036
LEP Average 0.1439± 0.0035± 0.0026 0.1498± 0.0048± 0.0009
Each of the LEP experiments has made separate Pτ measurements using the five τ
decay modes eνν, µνν, πν, ρν and a1ν. The ρν and πν are the most sensitive channels,
contributing weights of about 40% each in the average. In addition, DELPHI and L3
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have used an inclusive hadronic analysis. The LEP combination is made on the results
from each experiment already averaged over the τ decay modes. The data are shown in
fig. 7.
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Figure 7. Measurements of the τ polarisation as a function of polar angle.
Table 6 shows the results for Aτ and Ae obtained by the four experiments and their
combination. The LEP results are combined taking into account the (small) common
systematics from ISR, branching ratio uncertainties, hadronic modelling, the theoretical
uncertainties (using ZFITTER) and the correlations in the extraction of Ae and Aτ
(typically 3%). The combined results are
Ae = 0.1498± 0.0049 Aτ = 0.1439± 0.0043 , (31)
with a χ2/df = 3.9/6. The correlation coefficient is 0.012. The systematic components
of these errors are 0.0009 and 0.0026, the one for Ae being much smaller as it is
an asymmetry measurement where many systematic effects cancel. These values are
compatible and, assuming lepton universality, can be combined to give
Aℓ = 0.1465± 0.0033 , (32)
with a χ2/df = 4.7/7 and with a systematic error component of 0.0015.
23
3.6. Measurement of ALR at the SLC
The parameter Ae can be extracted directly if the incident electron beam is
longitudinally polarised, by measuring the cross-sections for left-handed and right-
handed incident beams. The high values of longitudinal polarisation (Pe ≃ 70-80 %)
achieved at the SLC have allowed the SLD experiment to make an extremely precise
measurement of
ALR =
σL − σR
σL + σR
= Ae , (33)
where σL(σR) is the total cross-section for a left-(right-)handed polarised incident
electron beam. After the introduction of ‘strained lattice’ GaAs photocathodes in 1994
the average polarisation was between 73% and 77%. The polarisation was measured by
detecting beam electrons scattered by photons from a circularly polarised laser, using a
precision Compton polarimeter. Two further, less precise, polarimeters have been used
for verification. The estimated error on the electron polarisation is about 0.5%; much
smaller than the statistical error on the ALR measurement of 1.3%. In the SLD detector
no final state selection is required, except that e+e− final states and those from non-
resonant backgrounds are removed. The measurements essentially involve determining
the ratios of the numbers of events detected with different polarisation settings, and are
thus very insensitive to detailed knowledge of the detector acceptances and efficiencies.
Combining all the data from 1992-8 (550K hadronic Z events) gives [36]
Ae = 0.1514± 0.0022. (34)
Additional information can be obtained by measuring the left-right-forward-
backward asymmetry for a specific fermion f:
A˜fFB =
(σFL − σBL )− (σFR − σBR)
σL + σR
=
3
4
Af , (35)
where σFL(σ
B
L ) and σ
F
R(σ
B
R) are the forward(backward) cross-sections for fermion f for
left- and right-handed polarised beams respectively. These measurements for leptons
give [37] Ae = 0.1554 ± 0.0060, Aµ = 0.142 ± 0.015 and Aτ = 0.136 ± 0.015. This
Ae value, when combined with that from ALR, gives Ae = 0.1516 ± 0.0021, and has
correlations of 0.038 and 0.033 with Aµ and Aτ respectively. The correlation between
Aµ and Aτ is 0.007. Assuming lepton universality, all these results can be combined to
give
Ae = 0.1513± 0.0021, sin2θlepteff = 0.23098± 0.00026. (36)
The SLD measurement of Ae is the single most precise determination, and the error
is mostly statistics dominated. The SLD Ae result is compatible with the less precise
value from τ -polarisation at the 0.3σ level. Assuming lepton universality, the SLD
result for Aℓ is compatible at the 1.3σ level with the value from τ -polarisation. It is
also compatible with the result from A0, ℓFB of Aℓ = 0.1512 ± 0.0042 to better than 0.1σ.
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3.7. Lepton universality
The data from the leptonic partial decay widths, forward-backward asymmetries, τ -
polarisation (Aτ and Ae) and the SLD measurements (Ae,Aµ and Aτ ) have been used
to fit to vℓ and aℓ (ℓ=e,µ, τ), and thus to test lepton universality. The results are
shown in table 7 and fig. 8. The correlations between the fitted values are rather small,
the largest being 0.38 between aµ and aτ and -0.29 between vµ and aµ; the others
are <∼ 0.15. The results for vµ and aµ are the least precise because only measurements
of the forward-backward asymmetry contribute. For vτ and aτ the τ -polarisation also
contributes and for ve and ae there are also contributions from the initial state particles
to the forward-backward asymmetries (see eqn. 26).
The magnitudes of any differences in the couplings can be quantified by fitting in
terms of vℓ = ve +∆vℓ, aℓ = ae +∆aℓ (ℓ = µ, τ), giving ∆vµ = 0.0014 ± 0.0024, ∆vτ =
0.0016 ± 0.0011, ∆aµ = -0.00009 ± 0.00067 and ∆aτ = -0.00093 ± 0.00076. Thus ∆vτ
and ∆aτ are 1.5 and 1.2 standard deviations respectively away from zero.
Table 7. Values of the lepton vector and axial-vector couplings from LEP data
alone and with the addition of the SLD measurement of ALR, without and with the
assumption of lepton universality.
Without Lepton Universality:
LEP LEP+SLD
ve −0.0378± 0.0011 −0.03816± 0.00047
vµ −0.0376± 0.0031 −0.0367± 0.0023
vτ −0.0368± 0.0011 −0.0366± 0.0010
ae −0.50112± 0.00035 −0.50111± 0.00035
aµ −0.50115± 0.00056 −0.50120± 0.00054
aτ −0.50204± 0.00064 −0.50204± 0.00064
With Lepton Universality:
LEP LEP+SLD
vℓ −0.03736± 0.00066 −0.03783± 0.00041
aℓ −0.50126± 0.00026 −0.50123± 0.00026
vν = aν +0.50068± 0.00075 +0.50068± 0.00075
Thus the data are reasonably consistent with the universality hypothesis. The signs
in fig. 8 are plotted taking ae < 0. Using this convention (this is justified from ν-electron
scattering results [38]), the signs of all couplings are uniquely determined from LEP data
alone. Note that the values of the lepton forward-backward asymmetries away from the
Z-pole vary as -(s-m2Z)aℓ. This term also leads to a change in the sign around the Z-pole;
see for example fig. 6.
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Figure 8. Contours of 70% probability in the vℓ-aℓ plane from LEP and SLD
measurements. The solid region corresponds to the Standard Model prediction for
169.2 ≤ mt [GeV] ≤ 179.4 GeV and 114 ≤ mH [GeV] ≤ 1000 GeV. The arrows point
in the direction of increasing values of mt and mH.
The results of a fit in which lepton universality is imposed are given in table 7 and
fig. 9. The value of the neutrino coupling comes essentially from Γinv. The value of aℓ
is different to the Born-level value (t3f = -1/2; see eqn.27) by 4.7 standard deviations;
indicating sizeable electroweak corrections. It can be seen that the results are consistent
with SM expectations, provided the Higgs boson is relatively light.
3.8. Heavy Flavour results
It is of intrinsic interest to extract the Z couplings to individual quark flavours, in
contrast to the results described in section 3.3, which are summed over 5 flavours. The
quantities measured are the Z partial width ratios †
R0q =
Γq
Γhad
(q = b, c), (37)
† The symbols R0b and R0c denote specifically the ratios of Z partial widths.
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Figure 9. Contours of 70%, 95% and 99% probability in the vℓ-aℓ plane from
LEP and SLD measurements. The solid region corresponds to the Standard Model
prediction for 169.2 ≤ mt [GeV] ≤ 179.4 GeV and 114 ≤ mH [GeV] ≤ 1000 GeV. The
arrows point in the direction of increasing values of mt and mH.
the Z-pole forward-backward asymmetries for b and c quarks ‡, A0, bFB and A0, cFB, and the
direct measurements of Ab and Ac by SLD, obtained by measuring A˜
f
FB (see eqn. 35),
for b and c quarks, with a polarised beam. Note that the propagator effects for the
t-quark and Higgs, as well as QCD effects, largely cancel in the ratio R0q. However, for
b-quarks, there are significant SM vertex corrections from tWb couplings. These are
essentially independent of mH and lead to a decrease of Γbb with increasing mt, rather
than an increase as for the other quark partial-widths. Furthermore, R0b is sensitive to
physics beyond the SM (e.g. from light t˜,χ˜ SUSY particles).
‡ Some measurements on s-quarks have been made by the SLD, DELPHI and OPAL Collaborations,
either tagging s-quarks or assuming b and s quarks have the same couplings. These measurements are
much less precise than those for b and c quarks, but are however all compatible with SM predictions.
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Extracting relatively pure samples of events corresponding to individual quark
flavours is far from easy. Measurements exist for both c and b quarks, which can
be separated from light (u,d,s) quarks, and from each other, using their characteristic
properties (see table 8).
Table 8. Some properties of B hadrons and D mesons.
quantity B D+ D0
lifetime (ps) 1.6 1.0 0.4
< xE = Ehad/Ebeam > 0.7 0.5 0.5
decay charged multiplicity 5.5 2.2 2.2
The main selection criteria (tags) are as follows:-
• c-quarks: D,D∗ mesons plus lifetime and lepton tags. The harder momentum
fraction in direct c decay, compared to b→c, is also used. For AcFB, the D/D∗
charges and the lepton charges, in semileptonic decays, are used to distinguish c
from c¯.
• b-quarks: lifetime, mass and lepton tags. The mass tag exploits the fact that the
b-quark decay products have relatively large invariant masses. For AbFB, the lepton
charge is used, evaluating the contributions from b→ ℓ and b→c→ ℓ, b→ c¯ → ℓ.
Also used is the jet-charge for a specific hemisphere with respect to the thrust-axis,
Qhemi=
∑ |pi|| |κ Qi/ ∑ |pi|| |κ, where pi|| is the momentum component of a hadron,
with charge Qi, parallel to the thrust axis. The power κ is optimised for sensitivity.
The charge difference between the forward and backward hemispheres, QF -QB, is
related to the required asymmetry. The sum, QF+QB, is sensitive to any bias and
to the charge resolution. For Rb, and to a lesser extent for Rc, the most accurate
results are from double-tag methods, as discussed below.
The main background in the tagged b(c) quark sample is from c(b)quarks. This
means that the value of R0b is correlated to that of R
0
c . It is usual practice to give R
0
b at
the SM value R0c = 0.172.
The main systematic uncertainties arise from:-
i) the fraction of D∗, D+, Ds, Λc etc in cc¯ events (particularly important for Rb)
ii) b and c hadron lifetimes
iii) charm decay modes
iv) fraction of gluon-splitting g → cc¯, bb¯ in hadronic Z events; the values used are the
measured fractions gcc¯ = (2.96 ± 0.38)% and gbb¯ = (0.25 ± 0.05)%
v) semi-leptonic branching ratios and decay models
vi) light quark fragmentation models
vii) correlations between hemispheres for double-tags.
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3.9. Measurement of Rb
The most accurate measurements of Rb all employ a double-tag method. This involves
determining the jet axis of the event (thrust-axis) and then employing lifetime, mass,
leptonic or other b-tags to each hemisphere to determine the number of hemispheres Nt,
with a tag, and the number of events Ntt, with two tags. For a sample of Nhad hadronic
Z decays one has
Nt
2Nhad
= ǫbRb + ǫcRc + ǫuds(1− Rb −Rc), (38)
Ntt
Nhad
= Cb(ǫb)2Rb + (ǫc)2Rc + (ǫuds)2(1− Rb −Rc), (39)
where ǫb, ǫc and ǫuds are the tagging efficiencies per hemisphere for b, c and light-
quark events, and Cb 6= 1 accounts for the fact that the tagging efficiencies between the
hemispheres may be correlated. In practice, ǫb ≫ ǫc ≫ ǫuds, Cb ≈ 1, and the correlations
for the other flavours are neglected. These equations can be solved to give Rb and ǫb
which, neglecting the c and uds backgrounds and the correlations, are approximately
given by:
ǫb ≈ 2Ntt/Nt, (40)
Rb ≈ N2t /(4NttNhad). (41)
The double-tagging method has the advantage that the tagging efficiency is determined
directly from the data, reducing the systematic error of the measurement. The residual
background of other flavours in the sample, and the evaluation of the correlation between
the tagging efficiencies in the two hemispheres of the event, are the main sources of
systematic uncertainty in such an analysis. The use of powerful vertex detectors at LEP
has led to excellent b-tagging efficiencies. For example, DELPHI achieves 30%, with
a 1.5% background. Due, at least in part, to the closer proximity to the interaction
point an even better performance (50% with a 2% background) is achieved by SLD.
The single/double-tag method has been extended by ALEPH and DELPHI to multi-
tags. This not only improves the statistical accuracy, but also reduces the systematic
uncertainty due to hemisphere correlations and charm contamination.
The results for Rb are shown in fig. 10. The combined LEP/SLD value of R
0
b =
0.21646 ± 0.00065 thus has a relative precision of about 0.3%. The average value,
when interpreted in terms of the SM, gives a value of mt = 155
+19+1
−21−0 GeV, where
the central value is for mH = 150 GeV and the second error corresponds to the range
114 ≤ mH [GeV] ≤ 1000, and the constraint αs(mZ) = 0.118 ± 0.002 is used. This
is consistent with the direct determination [39]. The combined statistical error of all
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SLD (93-98) vtx mass
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Figure 10. Results on Rb, for Rc = 0.172, together with the average value for R
0
b,
from a fit to all the LEP and SLC heavy flavour data. The SM prediction for mt =
174.3 GeV and mH = 150 GeV is shown as a dashed line.
the Rb measurements is 0.00043 and that from the internal experimental systematics
(track resolution, detection efficiencies of leptons etc) is 0.00029. The error due to
common systematics is about 0.00039. The largest common systematic errors are from
uncertainties on gluon splitting into b and c quark pairs (0.00022), QCD effects in
hemisphere correlations (0.00018) and the branching ratio D → neutrals (0.00014). In
total, more than 20 possible sources of systematic error to Rb are considered.
At the time of the Summer Conferences in 1995, the average value was R0b = 0.2205±
0.0016 (for R0c = 0.172) [40], more than three standard deviations above the SM value.
The measured value was in the direction expected from light SUSY particles (t˜,χ˜).
However, SUSY particles in the mass range suggested by the excess in R0b have since
been excluded by searches at LEP 2. The subsequent change in the R0b average is due
to a combination of much improved statistics, purer tagging methods and changes of
some of the heavy flavour input parameters needed in the analysis.
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3.10. Measurement of Rc
Tagging charm quarks with high efficiency and purity is unfortunately difficult. The
cleanest tag is to use the decay sequence c→ D∗+ → D0π+(D0 →K−π+), but this tags
only about 0.5% of c-decays, so is statistically limited. Other D0 modes, which are
somewhat less clean, can also be used, as can other ground-state charmed hadrons and
c-quark leptonic decays. The purities achieved are 65-90%, but with an overall charm
tag efficiency of only a few percent.
There are also analyses which use a ‘slow’ π tag (the π in the D∗ decay has a small
pT ) in a double-tag. However, this tag is rather loose because there is a considerable
background at low pT from fragmentation processes.
Several methods have been used in the determination of Rc. These are:
i) Single charm-counting rate (ALEPH, DELPHI and OPAL). This requires
measuring the production rates of the ground-state charmed hadrons (D0,D+,Ds,
as well as charmed baryons). Small corrections are applied for unobserved baryonic
states. The total rate gives Rc x Prob(c→ hadrons), so if all the ground-state
charmed hadrons are detected the measurement gives Rc.
ii) Inclusive/exclusive double-tag (ALEPH, DELPHI and OPAL). This first requires
measurements of the production rate of D∗± mesons in several decay channels. This
depends on the product Rc x Pc→D∗+ x BR(D
∗+ → D0π+), and this sample of cc¯
(and bb¯) events is used to measure Pc→D∗+ x BR(D
∗+ → D0π+), using a slow pion
tag in the opposite hemisphere.
iii) Exclusive double-tag (ALEPH). Here, exclusively reconstructed D∗+, D+ and D0
mesons are used, giving good purity but larger statistical errors.
iv) Lifetime plus mass double-tag (SLD). This uses the same tagging algorithm used
for Rb, and achieves a purity of about 84%.
v) Single leptons (ALEPH). This assumes a value of BR(c→l).
The LEP average value for R0c , made in Summer 1995, was R
0
c = 0.1540 ± 0.0074.
This was some 2.4 standard deviations below the SM value of 0.172. The present value
(see fig. 11) is R0c = 0.1719 ± 0.0031, and is rather close to the SM value. For the 1995
average, roughly half of the error weight came from common systematic errors between
the measurements, which relied in particular on the measurement of Yc = P(c→ D∗+) x
BR(D∗+ → π+) made at low (√s ∼ 10 GeV) energy. The LEP data now determine this
quantity directly, so that the present average does not depend on the use of low energy
data. In addition techniques have been refined and more robust analyses performed.
The relative precision of the average value of R0c is 1.8%. The statistical component
of the error is 0.0023, and that from internal experimental systematics 0.0014. The total
common systematic error is 0.0014, with the largest components (0.0005) coming from
both BR(Ds → φπ) and BR(Λc →pK−π+).
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Figure 11. Results on Rc, together with the average value for R
0
c , from a fit to all
the LEP and SLC heavy flavour data. The SM prediction for mt = 174.3 GeV and
mH = 150 GeV is shown as a dashed line.
As discussed above, the determinations of R0b and R
0
c are correlated, with a
correlation coefficient of -0.14. Fig. 12 shows the 70% and 95% confidence level contours
in the R0b, R
0
c plane, as well as the SM prediction for various values of mt.
3.11. Heavy-quark asymmetries
The results for AbFB and A
c
FB are given in figs. 13 and 14 respectively. They are
corrected to the full experimental acceptance. The quoted values are corrected for QCD
effects and to correspond to
√
s = 91.26 GeV; both peak and off-peak data are used.
The QCD corrections are calculated to second-order [41], and amount to 0.0063 for
both b and c quarks [42]. In order to obtain the pole asymmetries A0, cFB and A
0,b
FB from
the experimentally measured results, corrections are applied, using ZFITTER, to get to√
s = mZ, for QED effects and for the contributions of γ exchange and γ−Z interference,
as well as for the b-quark mass. These amount, in total, to additive corrections of 0.0062
for AcFB and 0.0025 for A
b
FB. The results for A
b
FB have also been corrected for the effects
of bb¯ mixing. The methods used for the asymmetries are as follows:
32
Figure 12. The 70% and 95% confidence level contours in the R0b, R
0
c plane. The
SM prediction for various values of mt is shown, as is the central experimental value
in 1995, together with its 95% confidence level contour.
i) Lepton spectra (ALEPH, DELPHI, L3 and OPAL). The characteristic high
transverse momentum spectrum from the heavy quarks is exploited (sometimes
in conjunction with other information) to measure both AbFB and A
c
FB.
ii) Lifetime tag plus hemisphere charge (ALEPH, DELPHI, L3 and OPAL). For AbFB,
and these give roughly equal precision to the lepton results.
iii) D mesons (ALEPH for AcFB, and DELPHI and OPAL for A
b
FB and A
c
FB).
Neural Network methods have also been used for the most recent measurements of AbFB
(ALEPH and DELPHI), incorporating much of the information from the above methods.
A single and double-tag procedure is used, as for Rb, so the method is essentially self-
calibrating, except for the effects of backgrounds and hemisphere correlations, which are
taken from simulation.
For both the AbFB and A
c
FB measurements, the systematic errors in all the methods
are smaller than the statistical errors. For AbFB the statistical, internal systematic and
common systematic components of the errors are 0.0016, 0.0006 and 0.0004 respectively.
For AcFB the statistical, internal systematic and common systematic components of the
errors are 0.0030, 0.0014 and 0.0009 respectively. So both these measurements are
statistics limited.
The asymmetries A0, bFB and A
0, c
FB are rather weakly correlated, and both the pole
asymmetries, and their energy dependence (see fig. 15), are compatible with the SM.
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AVERAGE VALUE AFB0,b0.0994±0.0017 SM=0.1039
Figure 13. Results on AbFB, together with the average value for A
0, b
FB from a fit to
all the LEP heavy flavour data. The SM prediction for mt = 174.3 GeV, mH = 150
GeV is shown as a dashed line.
Measurements of the heavy-quark forward-backward asymmetries, using a
longitudinally polarised beam, by the SLD Collaboration give directly values of Ab
and Ac. Using lepton, kaon, D-meson and jet-charge plus lifetime/vertex mass tags, the
values Ab = 0.922 ± 0.020 and Ac = 0.670 ± 0.026 are obtained [43, 8].
3.12. Combining the heavy flavour results
The combination has been carried out by a LEP/SLD working group [8], and details of
the procedure used for the LEP experiments can be found in [44]. Each experiment
provides, for each measurement, a complete breakdown of the systematic errors, adjusted
if necessary to agreed meanings of these errors. Direct measurements of Ab and Ac by
SLD, obtained by measuring AbFB and A
c
FB with a polarised beam, are also included. A
multi-parameter fit is then performed to get the best overall values of R0b,R
0
c ,A
0, b
FB , A
0, c
FB,
Ab and Ac, plus their covariance matrix. The results of a fit to both the LEP and SLD
data are given in table 9. The effective mixing parameter χ¯, and the leptonic branching
ratios b→ ℓ, b→c→ ℓ¯ and c→ ℓ, are also included in the fit. It should be noted that
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0.0706±0.0086±0.0059
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0.0657±0.0056±0.0048
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DELPHI (92-95) D*
0.0693±0.0087±0.0027
OPAL (90-95) D*
0.0759±0.0109±0.0057
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Figure 14. Results on AcFB, together with the average value for A
0, c
FB from a fit to all
the LEP heavy flavour data. The lepton results shown are still preliminary. An earlier
lepton result from L3 is included in the average but not plotted. The SM prediction
for mt = 174.3 GeV, mH = 150 GeV is shown as a dashed line.
the χ2/df is very small, leading to a probability close to 100%. This is, of course, rather
unlikely. However, it does indicate that the errors on the combined heavy flavour results
are probably not underestimated.
Table 9. Results of fits to the LEP and SLD heavy flavour data, plus the correlation
matrix. The χ2/df of the average is 47/(105-14), a probability of greater than 99%.
quantity value error R0b R
0
c A
0, b
FB A
0, c
FB Ab Ac
R0b 0.21646 0.00065 1.000 –0.14 –0.08 0.05 –0.07 0.04
R0c 0.1719 0.0031 1.000 0.04 –0.03 0.03 –0.05
A0, bFB 0.0994 0.0017 1.000 0.16 0.02 0.00
A0, cFB 0.0707 0.0034 1.000 –0.01 0.02
Ab 0.922 0.020 1.000 0.13
Ac 0.670 0.026 1.000
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Figure 15. Energy dependence of the heavy-quark forward-backward asymmetries.
3.13. Inclusive Hadron Charge Asymmetry 〈QFB〉
Asymmetry measurements can also be made if the individual quark flavours are not
separated. The method involves the measurement, in Z hadronic events, of the hadronic
charge asymmetry, based on the mean difference in jet charges measured in the forward
and backward event hemispheres, 〈QFB〉. The measured values of 〈QFB〉 cannot
be compared directly as some of them include detector dependent effects, such as
acceptances and efficiencies. The results are best compared using the values of sin2θlepteff
extracted in each analysis, as given in table 10. It can be seen that the systematic errors
are larger than the statistical errors. These are dominated by fragmentation and decay
modelling uncertainties.
3.14. The coupling parameters Af
The coupling parameters Af are obtained directly in the case of the SLD polarisation
measurements or from the τ lepton polarisation. The forward-backward asymmetries
for different fermions at LEP, using eqn.(26), determine the product of Ae and Af . The
results for Ae, determined assuming lepton universality where appropriate, are given in
table 11. The results for Ab and Ac, both those measured directly and those derived
from forward-backward asymmetry measurements and assuming a value of Ae, are given
in table 12. The results are displayed graphically in fig 16.
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Table 10. Summary of the determinations of sin2θlepteff from inclusive hadronic charge
asymmetries at LEP. For each experiment, the first error is statistical and the second
systematic.
Experiment sin2θlepteff
ALEPH 90-94 0.2322± 0.0008± 0.0011
DELPHI 91 0.2345± 0.0030± 0.0027
L3 91-95 0.2327± 0.0012± 0.0013
OPAL 90-91 0.2326± 0.0012± 0.0029
Average 0.2324± 0.0012
Table 11. Determinations of the leptonic coupling parameter Aℓ, assuming lepton
universality. The cumulative averages for Aℓ, and the χ2 per degree of freedom for
these, are also given.
Aℓ Cumulative Average χ2/df
A0, ℓFB 0.1512± 0.0042
Pτ (cos θ) 0.1465± 0.0033 0.1482± 0.0026 0.8/1
Aℓ (SLD) 0.1513± 0.0021 0.1501± 0.0016 1.6/2
Table 12. Determination of the quark coupling parameters Ab and Ac from LEP
data alone (using the LEP average for Aℓ), from SLD data alone, and from LEP+SLD
data (using the LEP+SLD average for Aℓ), assuming lepton universality.
LEP SLD LEP+SLD
(Aℓ = 0.1482± 0.0026) (Aℓ = 0.1501± 0.0016)
Ab 0.893± 0.022 0.922± 0.020 0.901± 0.013
Ac 0.634± 0.033 0.670± 0.026 0.653± 0.020
It can be seen that the SLD values of Ab and Ac are in good agreement with the
SM predictions of 0.935 and 0.668, which are essentially independent of mt and mH.
However, the values of Ab and Ac, extracted from A0, bFB and A0, cFB and the measured
values of Ae, are somewhat below the SM predictions. When combined with the SLD
results, which for Ab is slightly below the SM prediction, the values for Ab and Ac are
respectively 2.6 and 0.8 standard deviations below the SM predictions.
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Figure 16. Measurements of Aℓ from SLD+LEP (vertical band), Ab(Ac) from SLD
(horizontal band) and A0, bFB (A
0, c
FB) from LEP (diagonal band). The 70% confidence
level contour for the combined fit to these variables is also shown. The SM predictions
are shown as arrows, with the left-pointing arrow showing the variation from mH =
300+700
−186 GeV and the right-pointing arrow showing the variation from mt = 174.3 ±
5.1 GeV. There is an additional contribution from the error on ∆α
(5)
had (± 0.00036),
which is in the same sense as the Higgs arrow but with a size similar to that from the
top-quark uncertainty.
3.15. Extraction of heavy-quark couplings
An alternative approach in trying to understand the possible implications of the heavy
flavour results is to extract the individual quark couplings[45]. The measurements used
are R0b = Γbb/Γhad (which, using Γhad from the lineshape, gives v
2
b+ a
2
b), R
0
c (v
2
c + a
2
c),
Ae from LEP/SLD (ve/ae), A0,bFB (vb/ab, ve/ae), Ab (vb/ab), A0, cFB (vc/ac, ve/ae) and Ac
(vc/ac). The constraint αs(mZ) = 0.118 ± 0.002 is imposed (although the results are
rather insensitive to this, as discussed below), and lepton universality is assumed.
The signs of the b- and c-quark couplings are uniquely determined from the LEP
data. From the sign of the measured value of A0, bFB (i.e. positive), it follows that vb
and ab have the same sign. The behaviour of the energy dependence of A
b
FB away from
the Z-pole depends on the product QeQbaeab of the electric charges and axial-vector
couplings of the electron and b-quark. From the data shown in fig. 15 it can thus be
deduced that ab is negative, and thus vb is also negative. Similar considerations show
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Figure 17. Results of a fit to the b and c quark vector and axial-vector couplings.
The contours are for the 70, 95 and 99% confidence limits. The SM predictions are
also shown.
that vc and ac are both positive. The results for the vector and axial-vector couplings,
of both b and c quarks, are shown in table 13 and fig. 17. Also shown are the SM
predictions corresponding to mt = 174.3± 5.1 GeV and 114 ≤ mH [GeV] ≤ 1000. Note
that there is a very strong anti-correlation between vb and ab. As discussed above, the
signs and magnitudes of all the couplings have been determined. These confirm the SM
quantum number assignments. Of course, they are measured to good precision, so the
results are sensitive to small deviations from the simplest predictions.
Table 13. Results, plus correlation matrix, of a fit to the vector and axial-vector
couplings of b and c quarks. The χ2 probability for the fit is 11%.
parameter fitted value vb ab vc ac
vb −0.3233± 0.0079 1.00 -0.97 -0.19 0.06
ab −0.5139± 0.0052 1.00 0.18 -0.03
vc 0.1873± 0.0068 1.00 -0.29
ac 0.5032± 0.0053 1.00
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The b-quark couplings can also be expressed in terms of the left-handed ℓb = (vb +
ab)/2 and right-handed rb = (vb - ab)/2 couplings. The results are shown in fig. 18. The
corresponding results for the c-quark are also shown. The b-quark couplings are not
in particularly good agreement with the SM predictions, with the largest discrepancy
being for the right-handed coupling, rb.
The fitted values of vb and ab (or ℓb and rb) give a value of R
0
b greater than the SM
value, and a value of Ab (or A0,bFB ) less than the SM value. In that sense the b-quark
data are mutually consistent with the observed deviations from the SM. The point in
the SM band giving the smallest χ2 to the fitted data values corresponds to mt = 169.2
GeV and mH = 114 GeV. The χ
2 probability for compatibility to this point is 2.8%.
It is worthwhile therefore exploring further this possible discrepancy. In the above
fits the assumed value of αs(mZ) was taken to be 0.118 ± 0.002. If a central value of
0.116 is used, then the leptonic couplings are unchanged and the shifts in the b- and c-
quark couplings are less than 0.0002. Hence the results are not very sensitive to αs(mZ).
This is to be expected since the ratios R0b and R
0
c are, by construction, rather insensitive
to αs(mZ).
The results from the SLD Collaboration on ALR, Ab and Ac [43, 8] require a precise
determination of the degree of polarisation of the electron beam. It can be noted that
the values of Ae (from ALR), Ab (from A˜bFB, see eqn.35) are above and below the SM
predictions respectively. Since, in both cases, what is measured is proportional to the
product of the polarisation and the required parameter, the measurements cannot both
be reconciled with the SM simply by a change in the value of the electron polarisation.
It is worth stressing that the uncertainty on ALR due to the polarisation is about 0.5%.
This is to be compared to the overall statistical component of the error of about 1.3%.
Measurements of A0,bFB determine the product of Ae and Ab. Thus the value of
Ab extracted depends critically on that of Ae. In the standard fits given above the
information on Ae comes from all of the data, and the fitted value is Ae = 0.1501 ±
0.0016. Most of the information comes from the measurements of ALR, the τ -polarisation
and A0, ℓFB. In the SM the value of Ae increases for increasing mt and decreasing mH.
However, as mt is now well constrained, the main variation is from mH. As can be
seen from fig. 8, the lepton coupling data favour a light Higgs. Within the ranges
169.2 ≤ mt [GeV] ≤ 179.4 and 114 ≤ mH [GeV] ≤ 1000, the closest SM value is 0.1485,
which corresponds to mt = 179.4 GeV and mH = 114 GeV. The values of vb and ab
extracted, when this value for Ae is imposed for the measurement of A0,bFB , are given in
table 14. Also given are the χ2 probabilities that the results are compatible with this
SM point. If A0, bFB and A
0, c
FB are removed from the fit, then the probability increases to
38%.
In summary, the fit to the couplings gives a satisfactory χ2, and the fitted vector
and axial-vector couplings are reasonably compatible with the SM values. The largest
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Figure 18. Results of a fit to the b and c quark left-handed and right-handed
couplings. The contours are for the 70, 95 and 99% confidence limits.
contribution to the fit χ2 comes from the measurement of A0,bFB .
Table 14. Values of vb and ab for different assumptions about the use of A
0, b
FB . The
SM values used correspond to mH = 114 GeV and mt = 169.2 GeV, except for the
second line where mt = 179.4 GeV is used for consistency with the value of Ae.
conditions on A0, bFB vb ab χ
2 prob. for SM
none -0.3233 ± 0.0079 -0.5139 ± 0.0052 2.8%
Ae = 0.1485 -0.3246 ± 0.0072 -0.5130 ± 0.0048 2.3%
remove A0, bFB (A
0, c
FB) -0.3356 ± 0.0128 -0.5058 ± 0.0088 38%
3.16. ff production at LEP 2
The above results have all come from data collected at energies at, or close to, the Z
peak (LEP 1 phase). Data have also been collected at various centre-of-mass energies
from 130 to 209 GeV, from 1995 until 2000, when LEP was closed. The part of the
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programme with centre-of-mass energies above the W-boson pair-production threshold
(161 GeV) is called the LEP 2 phase. In total, an integrated luminosity of more than
700 pb−1 per experiment was collected; well beyond the initially expected luminosity of
500 pb−1 per experiment.
The reaction e+e− → ff has also been extensively studied at LEP 2 energies. For
energies well above
√
s ≃ mZ, the contribution from the Z propagator (see equation 21)
is much reduced, as the distance in
√
s from the Z-pole is many factors of the Z width.
However, the main difference in the analysis of LEP 2 ff data is that there is a significant
probablility that an initial state photon (see fig. 3), or photons, are emitted, leaving the
energy of the remaining e+e− system (
√
s′) close to that of the Z resonance. Since the
Z cross-section is large, there is a relatively large probability for the process of radiative
return to the Z. To study the physics of the direct (or non-radiative) process, it is
generally required to have
√
s′/
√
s > 0.85.
The cross-sections and forward-backward asymmetries for the combined LEP 2
data [8], are shown in fig. 19, together with the Standard Model predictions. It can
be seen that the data are in reasonably good agreement with these predictions. This
shows that the use of the SM in the calculation of some of the small corrections used
in the Z lineshape analyses is well justified. In particular, the γ-Z interference term for
the qq¯ final states is poorly known from the Z-pole data, and is fixed to the SM value
(see sect. 3.4). This interference term is highly correlated with the Z mass parameter
and, if left free in the fit, leads to a much reduced precision on mZ. The data from LEP
2, and also from the TRISTAN accelerator operating at around
√
s ≃ 61 GeV, can be
used to significantly limit the size of the hadronic γ-Z interference. Although detailed
fits have not yet been performed, the error on mZ with this interference term free should
be about 2.3 MeV, compared to that of 2.1 MeV obtained when the SM constraint is
imposed. Heavy flavour production rates and asymmetries have also been studied at
LEP 2. Again the results are compatible with the SM.
The ff data can also set very stringent limits on many models containing physics
beyond the Standard Model. These models include additional heavy Z vector bosons,
lepto-quarks, R-parity violating supersymmetry, models of gravity in extra dimensions
as well as contact interaction models which parameterise new physics in terms of the
left- and right-handed components of the initial and final-state fermions. There is no
evidence in the data for the existence of any of these effects, and so limits are obtained
on the masses or scales below which such effects can be ruled out. For example, the
limit on a hypothetical heavy Z-boson, having the same couplings as the Z (sequential
Z-boson), can be ruled out for masses up to 1.9 TeV.
In the absence of new physics beyond the SM the ff¯ data on cross-sections and
asymmetries can be used the test the running of the electromagnetic coupling constant
α. The OPAL Collaboration find a value 1/α(191 GeV) = 126.2 ± 2.2 [46], in agreement
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Figure 19. Combined preliminary LEP cross-sections for qq¯, µ+µ− and τ+τ− final
states, and forward-backward asymmetries for µ+µ− and τ+τ− final states, as a
function of centre-of-mass energy. The predictions of the Standard Model, computed
with ZFITTER, are shown as curves. The lower plots show the ratio of the data divided
by the predictions for the cross-sections, and the difference between the measurements
and the predictions for the asymmetries.
with the SM expectation of 127.9.
3.17. The Drell-Yan process
A process analogous to the e+e− → ff interaction which has been studied at LEP is
qq¯ → ℓ+ℓ−, the Drell-Yan process [47]. This is studied at the pp¯ Tevatron Collider, at
Fermilab in the USA, for both electrons and muons in the final state. The interest
for electroweak physics is in the region where the ℓ+ℓ− pair has a large invariant
mass. Measurements [48] of the invariant mass distributions, and the forward-backward
asymmetries, are shown in fig. 20. The behaviour of AFB around the Z resonance is in
agreement with the SM predictions. The data at invariant masses above the Z are used
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Figure 20. Dilepton mass spectrum from the Drell-Yan process from the CDF and
D0 experiments at the Tevatron for Run 1.
to test the validity of the SM, and to search for physics beyond it. The invariant mass
range explored goes well beyond that studied directly at LEP. Also shown in fig. 20
are the predictions obtained if there was an additional Z′ resonance with a mass of 500
GeV. The data are, however, in good agreement with the SM predictions alone.
4. The W boson
In the on-shell renormalisation scheme sin2θW = 1 − m2W/m2Z, so that precise
measurements of the W and Z masses give directly the weak mixing angle. An accurate
measurement of the W-boson mass gives a rather precise indirect estimate of the Higgs
boson mass in the SM, from electroweak radiative corrections. The W-boson decays
weakly into either a quark-antiquark pair or a lepton and its corresponding neutrino.
The partial leptonic decay width is given by [49]
Γ(W→ eνe) = GFm
3
W
6π
√
2
(1 + δsm) = 227.0± 0.3 MeV, (42)
where the error is dominated by the present uncertainty in mW (see below). If the values
of GF and mW are used to determine the SM value of Γ(W→ eνe), then the electroweak
corrections δsm are small (≃ -0.35 %), because the bulk of the corrections are absorbed
in GF and mW. The partial width to qq¯ final states, for massless quarks, is given by
Γ(W→ qiqj) = fQCDΓ(W→ eνe) | Vij |2 . (43)
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where fQCD = 3(1 + αs(mW)/π + 1.409(αs(mW)/π)
2 + ...) is a QCD colour correction
factor (similar to eqn. 23) and Vij is the Cabibbo-Kobayashi-Maskawa [50, 51](CKM)
matrix element. The total width ΓW in the SM is given by
ΓW = (3 + 2fQCD)Γ(W→ eνe) = 2.0986± 0.0028 GeV, (44)
where the uncertainty from αs(mW) (=0.121 ± 0.002) is 1.0 MeV, and that from mW is
2.6 MeV.
The main qq¯ decay modes are ud¯ and cs¯.The qq¯ branching ratio thus gives mainly
constraints on the matrix elements Vud and Vcs. Since the former is well known from
other measurements, the qq¯ mode can be used to give Vcs. The decay branching ratios
(as measured at LEP [8, 52]) are given in table 15. In the combination procedure,
common systematic errors (e.g. from the 4-jet QCD background) are taken into account.
The data allow sensitive tests of the validity of lepton universality of the weak charged-
current, at a level of better than 3%:
B(W→ µνµ)/B(W→ eνe) = 1.000± 0.021,
B(W→ τντ )/B(W→ eνe) = 1.052± 0.029,
B(W→ τντ )/B(W→ µνµ) = 1.052± 0.028. (45)
Assuming lepton universality, B(W→ ℓνℓ) = 10.69 ± 0.06 (stat) ± 0.07 (syst)%,
compatible with the SM value of 10.82%.
The decay branching ratios have also been extracted at hadron colliders by
measuring the ratio
R =
σ(pp¯→W → eνe)
σ(pp¯→ Z → e+e−) , (46)
which can be written as
R =
σ(pp¯→W + ..)
σ(pp¯→ Z + ..)
ΓZ
Γ(Z → e+e−)
Γ(W→ eνe)
ΓW
. (47)
Using the measured value of the Z leptonic branching fraction from LEP, and the SM
theoretical calculation of the ratios of the W and Z cross-sections (≃ 3.3), the CDF and
D0 Tevatron measurements give [53] BR(W→ eνe) = (10.43 ± 0.25)%. In this, the
total systematic uncertainty is 0.23%, with 0.19% coming from the QED uncertainties
in the acceptance calculations and in the σW/σZ ratio.
The combined LEP and Tevatron value is BR(W→ eνe) = (10.66 ± 0.09)%. In
terms of the CKM matrix elements
1
BR(W→ eνe) = 3 + fQCD
∑
ij
| Vij |2, (48)
where the sum is over i=(u,c) and j=(d,s,b). This gives∑
ij
| Vij |2= 2.044± 0.024, (49)
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where an error of 0.001 comes from δαs(mW) and the rest is from δBR(W→ eνe).
Using the experimental value for the sum of all elements except | Vcs |2, namely 1.0477
± 0.0074 [2], the value
| Vcs |= 0.998± 0.013 (50)
can be extracted. In this, the uncertainty from the measured W branching fraction is
± 0.013, the input CKM uncertainty is ± 0.004, and that from αs(mW) is negligible.
Alternatively, the combined leptonic branching ratio from LEP and the Tevatron,
together with the SM value of Γ(W→ eνe), can be used to make an indirect
measurement of the W-boson width of ΓW = 2.130 ± 0.017 GeV. This value is 1.8σ
from the SM prediction given in eqn.(44).
4.1. Mass and width of the W boson
The measurements of the mass of the W boson, mW, have been made at proton-
antiproton colliders (by UA2 [54] at CERN and CDF [55] and D0 [56] at the Tevatron)
and at LEP (by ALEPH [57], DELPHI [58], L3 [59] and OPAL [60], and references
therein), with updates reported in [8].
4.1.1. Mass and width of the W boson from hadron colliders For
measurements of mW at hadron colliders the purely hadronic W decay mode suffers
from too much background and only the electron and muon leptonic decays have been
used. The W-bosons are produced by the reaction q1 + q¯2 → W → e(µ) + νe(νµ).
The event topology selected is an isolated electron or muon, plus the residual hadronic
system from the collision. The neutrino is not detected and can give a sizeable missing
transverse energy/momentum. Since a large fraction of the longitudinal energy and
momentum escapes detection in the forward regions of detectors in, or close to, the
beam-pipe, only the plane perpendicular to the beam-axis can be used to impose energy-
momentum constraints. Measurement is made of the lepton energy/momentum, plus
that of the recoil jet (u); see fig. 21. From these quantities the transverse mass, mtrans,
is constructed
m2trans = 2p
ℓ
Tp
ν
T (1− cos∆φ), (51)
where pℓT and p
ν
T are the charged lepton and neutrino transverse momenta and ∆φ is
their azimuthal separation. The neutrino component is reconstructed from measurement
of the recoil u, and the understanding of this recoil system is crucial to the analysis.
The Z boson is produced by the process q + q¯ → Z → e+e− (µ+µ−). A study of Z
boson production and leptonic decays is of great importance, both in calibrating the
energy/momentum scale and in understanding the pT production spectrum of heavy
bosons. The leptonic decays of the J/Ψ boson are also useful in the scale calibrations.
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Another important systematic uncertainty is the imprecision in the knowledge of the
parton density functions (PDFs) in the incident proton and antiproton. The lepton
transverse energy spectra have also be used to determine mW, but these of course are
correlated to mtrans.
All the data from the Tevatron Run 1, which finished in 1995 and yielded an
integrated luminosity of about 110 pb−1, have been analysed. An example of a transverse
mass distribution, from the W→ eνe decay, is given in fig. 22. The results from the
Tevatron CDF and D0 experiments, and the earlier UA2 experiment at CERN are given
in table 16(from [61]), together with the average value. In combining the Tevatron data,
a 25 MeV common systematic error is used. This covers common uncertainties in the
PDFs, W-width and QED corrections.
The W width is extracted by making a likelihood fit to the large transverse mass
part of the mtrans spectrum. This region is rather insensitive to detector resolution
effects, which fall off in an approximately Gaussian manner, but is sensitive to the W
width. The combined CDF result from the electron and muon channels [62], using the
range mtrans >∼ 120 GeV, is ΓW = 2.05 ± 0.10 ± 0.08 GeV. For D0 (see [61]) the range
90 <∼ mtrans <∼ 200 GeV is used for the electron channel, giving ΓW = 2.23 ± 0.14 ±
0.09 GeV. Assuming a common systematic uncertainty of 50 MeV, a combination of the
Tevatron results gives ΓW= 2.11 ± 0.11 GeV.
Figure 21. Kinematics of W decay in the plane transverse to the beam direction.
The recoil energy vector of the n detected hadrons is u =
∑n
i=1 E
i
T .
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Table 15. W boson branching ratios from measurements at LEP. For the qq¯ mode
lepton universality is assumed.
decay mode branching ratio %
qq¯ 67.92± 0.27
eνe 10.54± 0.17
µνµ 10.54± 0.16
τντ 11.09± 0.22
Table 16. W mass measurements from hadron colliders.
experiment decay modes used mW (GeV)
UA2 W→ eνe,W→ µνµ 80.360± 0.370
CDF W→ eνe,W→ µνµ 80.433± 0.079
D0 W→ eνe 80.483± 0.084
average 80.454± 0.060
0
500
1000
1500
2000
50 60 70 80 90 100 110 120
Fit region
Transverse Mass (GeV/c2)
Ev
en
ts
 / 
G
eV
/c
2
Figure 22. Transverse mass distribution from the CDF experiment for the decay
W→ eνe. The points represent the data and the histogram shows the Monte Carlo
simulation of the signal and background. The region used to fit mW is shown.
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4.1.2. Mass and width of the W boson at LEP One of the main purposes
behind increasing the energy for LEP 2 above the W-pair threshold (around 161 GeV)
was to study the production and decay properties of the W boson. The lowest-order
diagrams for producing W pairs are shown in fig. 23. These diagrams are collectively
known as CC03 diagrams, as the three diagrams are charged-current interactions. They
consist of t-channel neutrino exchange and s-channel exchange of a photon or Z boson.
In the Standard Model there are large cancellations between these diagrams, and thus
measurement of the production cross-section of e+e− →W+W− is a very sensitive test
of the SM.
The reaction e+e− → W+W− can be extracted relatively cleanly at LEP and
all the decay modes of the W can be used. Thus the samples analysed consist of
fully hadronic final states (46 %), semileptonic final states (44 %) and purely leptonic
final states (10 %). The purely leptonic and semileptonic final states can be selected
relatively cleanly from background, but there is a potentially sizeable background from
e+e− → qq(γ) in the fully hadronic final state. The cross-sections for these CC03
processes have been measured and combined by the four LEP experiments. Small
corrections have to be applied for other 4-fermion final states with the same topologies.
The results are shown in fig. 24. It can be seen that the data are compatible with the
SM predictions, which at the highest energies have an uncertainty of about 0.5%. The
results clearly demonstrate the existence of the triple-gauge boson couplings.
The first data taken in the LEP 2 phase consisted of a dedicated run at
√
s = 161
GeV; just above the W-pair threshold. The cross-section in this region is very sensitive
to mW. Hence, from the measurement of the cross-section, mW may be extracted;
assuming the validity of the Standard Model. The indirect determination of mW by
this method is given in table 17. The contribution of the 2% uncertainty in the SM
predictions gives a 34 MeV component to the systematic error.
The threshold method is valid in the SM. A comparison of the LEP data, averaged
over all cms energy values, and taking into account common systematic uncertainties,
gives a value of RWW = 0.998 ± 0.009 for the ratio of the measured cross-sections to the
SM predictions. These are from the YFSWW generator [63], which employs a double-
pole approximation approach and has O(α) electroweak corrections. An alternative
model, RACOONWW [64], gives a very compatible value, namely RWW = 1.000 ±
0.009. These results show that the data are consistent with the SM up to the highest
available energies.
A much more accurate determination of mW has been made using direct
reconstruction of the W mass in the reaction e+e− → W+W−. The purely leptonic
mode yields a rather large error, so emphasis is placed on the semi-leptonic (qq¯ℓνℓ) and
fully hadronic (qq¯qq¯) final states. For the qq¯qq¯ analysis events are selected which contain
four (or more) jets. Again e+e− → qq(γ) is the largest background. In a four-jet final
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state there are three possible combinations with which the jets can be paired into two
W bosons. However, in practice only one, or sometimes two, are compatible with the
previously known value of mW. The experimental resolution on the invariant mass of
a pair of jets is typically 5-10 GeV. Some fraction of the jet energy is generally not
detected. The resolution can be greatly improved (to ≃ 1 GeV) by using a kinematic
fit in which energy-momentum constraints (4C-fit) are imposed. This requires a rather
precise knowledge of the LEP beam energy, and the uncertainty on this is one of the
main systematic errors.
For the qq¯ℓνℓ channel the assignment of the jets to the parent W boson is
straightforward. The lepton is well measured in the case of electron and muon decays;
however, there is a missing neutrino. In this case the kinematic fit gives only one
constraint, except if, as is often the case, it is assumed that the mass of the W from the
qq¯ and ℓνℓ systems are equal; in which case it becomes a 2C-fit. For the qq¯τντ channel
the leptonic part is not constrained, and all the information on mW comes from the qq¯
system, which is again scaled to the LEP beam energy. The W-boson width, ΓW, is also
extracted in these fits, and has only a small correlation with mW.
A variety of different sophisticated techniques are used to extract mW from these
event samples. The most straightforward method is the convolution method, in which
the theoretical Breit-Wigner form † for the invariant mass of the W decay products is
convoluted with the experimental resolution on this quantity. Both the W mass and
width can be determined. The method must be ‘calibrated’ by fitting Monte Carlo
samples of known mass (or masses). The linearity of the method with respect to
the determination of mW, and also the validity of the assigned statistical uncertainty,
must both be studied. An alternative is the Monte Carlo reweighting method in which
Monte Carlo events are reweighted such that they correspond to a series of different
generated masses. The value of the W mass which best fits the data is found. The
distribution which is fitted is the invariant mass of the W-decay products, plus possibly
other distributions which are sensitive to mW. In both these methods it is usual to
force the mass of the decay products from the two W-pairs in the kinematic fit to be
equal. An ideogram method has also been used in which all jet pairings are taken, and
the equal mass constraint is not imposed. A likelihood function is then constructed for
each event, as a function of mW, and these likelihoods are combined to give the best
value from all the events.
A particular problem is the e+e− → qq(γ) background in qq¯qq¯. This background
must either be removed by suitable selection cuts, or taken into account by weighting
the events in such a way that the probabilility that they are signal or background
events is taken into account, The jet fragmentation process is potentially a common
† An s-dependent Breit-Wigner, similar in form to that for the Z in eqn.(21), is used.
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systematic uncertainty between channels and between the different LEP experiments.
The effects of initial state radiation (ISR) are also a common uncertainty. Considerable
effort has been made to understand these processes. In the fully hadronic final states
there is the additional potential problem of ‘cross-talk’ between the decay products of
the two W’s. This can arise through colour reconnection, as, for example, ‘strings’ can
be formed between the quarks and gluons from the different W’s. These effects can only
be computed in QCD at the perturbative level, where they are small. However, it is in
the region of soft particles that the effects are expected to be more pronounced. This
is in the domain of Monte Carlo models, and several options for models exist. These
can yield shifts in mW up to about 100 MeV, but the bulk of the models give shifts
<∼ 50 MeV. Ideally it is desirable to find measurable quantities, which are insensitive
to mW, but which are sensitive to the parameters of the model. The measurements of
these parameters, within the context of the model, can then be used to ‘calibrate’ the
model by finding the shifts in the values of mW corresponding to the measured model
parameter range. One promising possibility is to measure the particle flow (i.e. the
density of particles) between jets coming from different W-bosons, and compare it with
that measured between jets from the same W. From such measurements it is hoped
that the colour reconnection parameters in the various models can be constrained. In
practice these attempts are complicated by the pairing ambiguities in jets, and the fact
that the 4 jets in the final state are generally not coplanar.
There can also be Bose Einstein correlations (BEC) between the decay products of
the two W’s. Such correlations are well known in multiparticle final states and lead to
an enhancement in the invariant mass distribution of like-sign bosons near threshold. In
principle such correlations can arise between, for example, pairs of pions from different
W-bosons. Studies of differences in the hadronic systems of hadrons from jets in a semi-
leptonic W decay (where there can only be BEC between the W decay products) and
those in fully-hadronic decays (which might also have BEC between decay products of
different W’s) are being carried out. There are also several options in the Monte Carlo
simulation models of BEC. However, it is worth stressing that, in terms of the underlying
quantum mechanical effects, all the existing models are somewhat ad hoc. The technique
used is to modify the four-momenta of pairs of particles, and to compensate the overall
energy-momentum conservation either locally or globally.
The colour reconnection and BEC can both lead to ‘cross-talk’ effects, and thus an
apparent shift in mW and ΓW. They are collectively referred to as final state interaction
(FSI) effects. They constitute one of the largest systematic uncertainties in the qq¯qq¯
final state. Investigations have shown that all the experiments are equally sensitive to
these effects, and so the same common systematic uncertainties for these effects are used
in making a LEP combination.
The measurements of the W mass and width from the LEP experiments are
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combined, taking into account the common systematic errors. For the mass, the main
errors common to both the qq¯ℓνℓ and qq¯qq¯ are the fragmentation uncertainty (17 MeV),
initial and final state radiation (8MeV), and the LEP beam energy (17 MeV; see below).
The colour reconnection and Bose Einstein correlation errors are currently assigned to
be 40 and 25 MeV respectively for the qq¯qq¯ channel. These get reduced to 11 and 7
MeV in the combined result, as the qq¯qq¯ carries less weight in the combination. The
weight of the qq¯qq¯ channel is 27%. This is essentially due to the relatively large size of
these effects, since both channels would give roughly the same weight without these FSI
errors. For ΓW, the colour reconnection and Bose Einstein correlation errors are taken
to be 65 and 35 MeV repectively. The results for the mass and width for the four LEP
experiments are shown in fig. 25. The combined LEP results for mW from the threshold
method, and for the different decay channels for the direct reconstruction method, are
given in table 17. The overall LEP combined results for mW and ΓW are
mW = 80.450± 0.039 GeV
ΓW = 2.150± 0.091 GeV. (52)
For ΓW, the combined statistical and systematic errors are 0.068 and 0.060 GeV
respectively.
The difference between the fully hadronic and semi-leptonic mass measurements can
also be extracted. A significant non-zero value for ∆mW could be indicative of large FSI
effects in the qq¯qq¯ channel. The FSI errors are neglected in making this difference, and
this gives ∆mW(qq¯qq¯− qq¯ℓνℓ) = +9 ± 44 MeV, well compatible with zero. However, it
should be noted that this difference is not precise enough to be sensitive to shifts of the
size of the FSI errors currently assigned. Further efforts are being made in devising track
selection procedures which are less sensitive to FSI effects; for example, by removing or
de-weighting low momentum tracks and/or tracks at wide angles to the W jet-axes.
The LEP beam energy in the LEP 2 range has an uncertainty of about 20 MeV. This
arises because the method of resonant depolarisation only works up to about 60 GeV
beam energies. Hence extrapolations need to be made, and this significantly increases
the uncertainty. The main method is to use 16 NMR devices which were installed around
the ring and to use the flux-loop method, which measures the total field seen by the
beam, as a check of the linearity of the extrapolation.
4.2. World average values of the W boson mass and width
The combined Tevatron and LEP measurements of mW and ΓW give
mW = 80.451± 0.033 GeV,
ΓW = 2.134± 0.069 GeV. (53)
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This direct mW result is compared to more indirect determinations in fig. 26. It can be
seen that the NuTeV value, and to a lesser extent the indirect electroweak fit results
(these are both discussed below), favour lower values of mW. The result for ΓW can be
used to make an estimate of the W mass, by utilising the SM relationship (44). This
gives mW = 80.90 ± 0.87 GeV, which is consistent with the direct measurement, but
has a sizeable error.
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Figure 23. The three lowest-order charged current (CC03) diagrams for e+e− →
W+W−.
Table 17. W mass measurements from LEP. The components of the errors
from statistics and systematics are shown, with the contribution of the LEP energy
uncertainty shown separately. The last two results have a correlation coefficient of
0.28.
method mW (GeV) stat. error. syst. error LEP error
threshold 80.40 0.20 0.07 0.03
qq¯ℓνℓ 80.448 0.033 0.028 0.017
qq¯qq¯ 80.457 0.030 0.054 0.017
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Figure 24. Cross-section for the CC03 process e+e− → W+W−, as a function of
cms energy.
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Figure 25. Mass and width of the W boson as measured by the LEP experiments.
The combined LEP average is also shown.
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W-Boson Mass  [GeV]
mW  [GeV]
80 80.2 80.4 80.6
χ2/DoF: 0.0 / 1
pp−-colliders 80.454 ± 0.060
LEP2 80.450 ± 0.039
Average 80.451 ± 0.033
NuTeV 80.136 ± 0.084
LEP1/SLD 80.372 ± 0.033
LEP1/SLD/mt 80.379 ± 0.023
Figure 26. Comparison of direct and indirect determinations of mW.
5. The running of α
The fine structure constant is known at q2 ≃ 0 with the impressive relative precision
of 4x10−9. However, what is important for the interpretation of heavy gauge boson
results is the value at a scale mZ, α(mZ). The running of α(s) is given by eqn.(16). The
running component ∆α(s) = −Πγγ(s), where Πγγ is the photon self-energy. At s = m2Z
the leptonic contribution ∆αlept can be computed analytically, and is known to third-
order. The top-quark contribution, ∆αtop, is well known if mt is specified (≃- 0.00007).
The remaining hadronic part ∆α
(5)
had cannot be calculated entirely from QCD because of
ambiguities in defining the light quark masses mu and md, and also the inherent non-
perturbative nature of the problem at small energy scales. The largest uncertainties
come from this term. Instead, use is made of the data on
Rhad(s) =
σ(e+e− → hadrons)
σ(e+e− → µ+µ−) , (54)
from which one can compute
ReΠγγ(s) =
αs
3π
P
∫
Rhad(s
′
)
s′(s′ − s)ds
′ . (55)
Most of the sensitivity is to Rhad at low values of
√
s, below about 10 GeV. In
practice, there are difficulties in evaluating the integral:-
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a) from the resonant structure in the data (ρ,ω,J/ψ, Υ),
b) some data are not very accurate (e.g. large systematic errors) and old (not always
enough information is given),
c) somewhat arbitrary choices need to be made in the use of the data (e.g. the form
of local parameterisation, interpolation or fit, how to deal with inconsistent data
and how to cross thresholds etc.).
0.024 0.025 0.026 0.027 0.028 0.029 0.03
Figure 27. Recent estimates of ∆α
(5)
had(mZ). Those which rely mostly on
experimental data are shown as solid circles, while the more theory-driven estimates
are shown as open circles.
Fig.27 shows some of the more recent determinations [65, 66, 67, 68, 69, 70, 71,
72, 73], starting with the previous value used by the LEP Electroweak Working Group,
namely ∆α
(5)
had(mZ) = 0.02804 ± 0.00065. Only the most recent of these use the new data
from Novosibirsk around the ρ resonance and the BES-2 data for the very important
region from 2-5 GeV; see fig.28. For the fits below, the value used is [72] †
∆α
(5)
had(mZ) = 0.02761± 0.00036. (56)
This incorporates the recent data, and experimental data are used below 12 GeV and
third-order perturbative QCD used above.
† References to the data used, and to previous work, can be found here.
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Figure 28. Measurements of R by BES and other experiments: (a) over the cms
energy range 1 to 5 GeV and (b) around the charm threshold.
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Some other determinations are more theory-driven, and use perturbative QCD to low√
s, justifying this by the success of extracting αs(mZ) from τ -decays. As an example,
a recent more theory-driven determination, which also includes results from BES, of
∆α
(5)
had(mZ) = 0.02747 ± 0.00012 [73], is also used below.
5.1. muon (g-2)
The anomolous magnetic moment of the muon, which is defined as
aµ =
gµ − 2
2
, (57)
has been measured at Brookhaven by experiment E821 [74] to remarkable precision,
giving the updated average value
aµ(expt) = (11659203± 15)10−10. (58)
At the time the E821 result was announced the SM estimate was such that
aµ(expt)− aµ(SM) = (43± 16)10−10, (59)
a difference of 2.6 standard deviations. The SM computation is rather similar to that
for α(mZ), with contributions from QED, weak effects and also hadronic effects. Since
then, a sign error in the computation of part of the so-called light by light term, which
is part of the hadronic term and about 5.6 10−10 in magnitude, was found[75]. With
this corrected
aµ(expt)− aµ(SM) = (26± 16)10−10, (60)
so the difference is reduced to 1.6 standard deviations. This has significantly reduced
the flow of papers interpreting the difference.
6. Other electroweak measurements
6.1. The top quark
The discovery of the top quark at the Fermilab Tevatron, by the CDF [76] and D0 [77]
Collaborations, is clearly of fundamental importance in the field of electroweak physics.
The parameter which is most important in the context of this review is the mass of the
top-quark, mt. Since the top-quark is so massive it decays very quickly on the time-scale
of the hadronisation processes. Hence the interpretation of the top-quark mass is more
straightforward than that of the lighter quark masses. The main decay mode is t→Wb,
so the event classification of the produced tt pair depends on the decay modes of the W
bosons. Both CDF and D0 measure the mass in both the dilepton and lepton plus jets
channels, with the latter being the more accurate. The results for the top-quark pole
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mass are mt = 172.1 ± 7.1 GeV for CDF [78] and mt = 176.1 ± 6.6 GeV for D0 [79].
Typical systematic uncertainties on these measurements are ≃ 5 GeV. A combination
of the measured values gives [39]
mt = 174.3± 5.1 GeV. (61)
6.2. Atomic parity violation
Measurements of Atomic Parity Violation (APV) in Cesium [80, 81] are also used to give
information on the weak neutral current. The nuclear spin-independent weak interaction
of an electron with the nucleus is of the form H ∝ GFρ(r)QW , where ρ(r) is the nuclear
density. The quantity measured is the weak charge
QW (Z,N) = −2[C1u(2Z +N) + C1d(Z + 2N)], (62)
where Z and N are the number of protons and neutrons in the nucleus and C1q = 2aevq
is defined in terms of the electron axial-vector and quark vector couplings at a scale
q2 ≃ 0. So, to leading order,
C1u = ρ(−1
2
+
4
3
sin2θW),
C1d = ρ(
1
2
− 2
3
sin2θW). (63)
Measurements have also been made for Thallium, but there are outstanding
questions on theoretical corrections [82, 83, 84], which have only recently been addressed
for Cesium. Using the new evaluation of the 6s-7s transition, the corrected experimental
result for Cesium (Z=55,N=78) is [84]
QW(Cs) = −72.39± 0.29(expt)± 0.51(theory) = −72.39± 0.59. (64)
6.3. Neutrino neutral to charged current ratio
Measurements of the neutral-current (NC) to charged-current (CC) ratio in deep
inelastic ν(ν¯)-nucleon scattering can be used to make a determination of the weak
mixing angle. Note that this is a t-channel process, in contrast to e+e− → ff, which is
s-channel (for f 6=e).
The tree-level Lagrangian for weak neutral current neutrino-quark scattering is
L = −GFρ0√
2
[ν¯γµ(1− γ5)ν][ǫqLq¯γµ(1− γ5)q + ǫqRq¯γµ(1 + γ5)q], (65)
where any deviations from ρ0 = 1 describe non-standard sources of SU(2) breaking. ǫ
q
L,R
are the left- and right-handed chiral quark couplings, which contain a term -Qq sin
2θW.
For the weak charged current the corresponding couplings are ǫqL = t
3
q and ǫ
q
R = 0. Thus
measurement of the NC/CC ratio gives values of ρ0 and sin
2θW. In the context of the
59
SM, this measurement of sin2θW is equivalent to a measurement of mW, but outside
the SM it provides measurements of the weak couplings of light-quarks at a momentum
scale far below mZ.
The NC/CC ratio for scattering off an isoscalar nuclear target is
Rν(ν¯) ≡ σ(ν(ν¯)N → ν(ν¯)X)
σ(ν(ν¯)N → ℓ−(+)X)
= g2L + r
(−1)g2R, (66)
where r = σ( ν¯N → ℓ+X)/ σ( νN → ℓ−X) ≃ 0.5 and
g2L = (ǫ
u
L)
2 + (ǫdL)
2 =
1
2
− sin2θW + 5
9
sin4θW
g2R = (ǫ
u
R)
2 + (ǫdR)
2 =
5
9
sin4θW. (67)
To reduce the dependence on the quark-density functions, and the contribution of
strange and other sea-quarks, the combination (Paschos and Wolfenstein [85])
RPW =
Rν − rRν¯
1− r = g
2
L − g2R =
1
2
− sin2θW (68)
is used. The strange sea-quark distribution is studied in dimuon CC events, which are
produced from the s→c reaction.
The most recent, and most precise, result comes from the NuTeV Collaboration who
used both neutrino and anti-neutrino beams to give [86]†
sin2θW = 1−m2W/m2Z
≡ 0.2277± 0.0016− 0.00022m
2
t − (175 GeV)2
(50 GeV)2
+ 0.00032 ln
mH
150 GeV
, (69)
where the explicit dependence on mt and mH is given. This dependence, which arises
from the electroweak radiative corrections to the result, is used in the electroweak
fits discussed below. The total uncertainty of 0.0016 has statistical and systematic
components of 0.0013 and 0.0009 respectively. The largest systematic uncertainty comes
from charm production and the knowledge of the strange sea. The uncertainty in the
fraction of the νe, ν¯e component of the beam is another important systematic.
This result can be converted into an indirect measurement of the W mass; mW =
80.136 ± 0.084 GeV, using mZ = 91.1875 GeV, mt = 175 GeV and mH = 150 GeV.
Fig. 26 shows a comparison of the extracted mW value with the direct measurements.
The difference between the world average direct result and that of NuTeV is 300 ± 92
MeV, almost 3.3 standard deviations apart.
† This result updates a preliminary result from the NuTeV and CCFR experiments of sin2θW =
1−m2W/m2Z ≡ 0.2255± 0.0021.
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Results are also given for a two-parameter fit to the Rν and Rν¯ measurements,
namely
ρ0 = 0.9983± 0.0040, sin2θW = 0.2265± 0.0031, (70)
with a correlation coefficient of 0.85. Alternatively, the results can be expressed as
(geffL )
2 = 0.3005± 0.0014, (geffR )2 = 0.0310± 0.0011, (71)
with a correlation of -0.02. These are to be compared to the predicted SM values, from
a fit to other data, of (geffL )
2 = 0.3042 and (geffR )
2 = 0.0301. That is, the measured
(geffL )
2 is lower than the SM expectation by 2.5σ, whereas (geffR )
2 is compatible with
the SM.
7. Constraints and tests of the Standard Model
The electroweak data described in the previous sections can be used both to test the
self-consistency of the Standard Model and make estimates of the SM parameters.
7.1. Measurements of the weak mixing angle
The various asymmetries discussed in section 3 determine the ratios of the vector to
axial-vector couplings of the Z to one or more fermions. From eqn.(27) it can be seen that
the measurements thus determine sin2θfeff . The value used for reference and comparison
is that for leptons, sin2θlepteff . Fig. 29 shows a comparison of the various determinations.
For the lepton asymmetries (A0, ℓFB, Aℓ(Pτ ), Aℓ(SLD)), sin2θlepteff is computed using only
the assumption of lepton universality. For the heavy quark measurements (A0, bFB ,A
0, c
FB) a
small correction to get from sin2θfeff to sin
2θlepteff is applied, computed from the SM. The
overall χ2 gives a probability of 5.9% for agreement of the results; the main contributions
to the χ2 coming from the SLD ALR measurement and from A
0, b
FB . As can also be seen
from fig. 29, the ALR value favours a light value of mH, whereas A
0,b
FB favours a rather
heavy value. The other measurements using quarks also favour a rather heavy Higgs
mass, but they are less precise. It can be noted that if Ae is computed from A0, bFB and the
measured value of Ab, using equation (26), then the value sin
2θlepteff = 0.23194 ± 0.00050
is extracted. This is slightly closer to the values extracted from leptonic asymmetries.
7.2. Global electroweak fits
The electroweak data discussed in this report are used in electroweak fits to test the
validity of the Standard Model (see section 2), and to estimate the mass of the important
missing ingredient of the SM, the Higgs boson mass. Electroweak quantities are sensitive
through propagator and vertex correction terms, which enter (mainly) asm2t and ln(mH).
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A0,lfb 0.23099 ± 0.00053
Al(Pτ) 0.23159 ± 0.00041
Al(SLD) 0.23098 ± 0.00026
A0,bfb 0.23218 ± 0.00031
A0,cfb 0.23220 ± 0.00079
<Qfb> 0.2324 ± 0.0012
Average 0.23149 ± 0.00017
∆αhad= 0.02761 ± 0.00036
(5)
mZ= 91.1875 ± 0.0021 GeV
mt= 174.3 ± 5.1 GeV
Figure 29. Comparison of the determinations of sin2θlepteff . Also shown is the SM
expectation as a function of mH, with the bands showing the uncertainties from other
SM parameters.
The relative sensitivity is thus much higher for indirect determinations of mt than
mH, but mH can be significantly constrained, especially if mt is specified. As already
discussed, this led to a prediction of the top-quark mass in advance of its discovery. The
present data are now precise enough to significantly constrain the Higgs mass. It is, of
course, of considerable interest to compare the limits of direct searches for the Higgs
with those from the electroweak fits.
The results of the direct searches for the SM Higgs boson at LEP are briefly discussed
in sect. 7.3. The 95% c.l. lower limit on the Higgs mass is 114.1 GeV, with the possibility
of a signal around 115 GeV with a significance of about 2 standard deviations. These
values are compared in this section to the values for mH coming from electroweak fits.
In the electroweak fits the values of the well known ‘constants’ GF = (1.16637 ±
0.00001) 10−5 GeV−2 [2], mZ and α(mZ) are used. The fits then give values of mt,
mH and αs(mZ). The SM computations are provided by the semi-analytic programs
ZFITTER and TOPAZ0, which contain a large amount of theoretical input, and have
been thoroughly tested.
The quantities which are used in the fits are:-
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1) the results of the 5-parameter Z lineshape fits (i.e. assuming lepton universality),
from table 4
2) the 6-parameter heavy flavour fits, from table 9
3) the combined LEP tau-polarisation result, from eqn. (32)
4) the result for Ae from the SLD experiment, from eqn. (36)
5) the inclusive hadron charge-asymmetry 〈QFB〉, from table 10
6) the world average values of mW and ΓW, from eqn. (53)
7) the combined Tevatron value of the top-quark mass, from eqn. (61)
8) the NuTeV result for sin2θW, from eqn. (69)
9) the atomic physics parity violation parameter QW(Cs) for Cesium, from eqn. (64).
The full set of correlations between these parameters is taken into account in the fits.
In order to test the consistency of the data with respect to the Standard Model a
fit is first made to all the Z-pole data (from LEP and SLD). This is fit 1 in tab.18, and
gives fitted values for mt and mW which are reasonably compatible with the directly
measured values of mt = 174.3 ± 5.1 GeV and mW = 80.451 ± 0.033 GeV respectively.
In fit 2 in tab.18, the direct measurement of mt is also included. The value of mW
derived from this fit, which doesn’t include any direct measurements of mW or ΓW, is in
reasonable agreement with the directly measured value of mW. In order to get the best
indirect estimate for mt, a fit is made to the Z-pole data plus the direct measurements
of mW and ΓW. This is fit 3 in tab.18, and the value of mt derived from this fit is again
in good agreement with the directly measured value. Note that the χ2 probabilities of
all these fits are reasonably good.
One of the most stringent tests of the SM, first proposed in [40], is to compare the
direct measurements of mt and mW against the indirect determinations. This is shown
in fig. 30. Each point in the mt-mW plane corresponds to a unique Higgs mass, and
contours of fixed values ofmH are also shown. The indirect determination corresponding
to the solid line includes only the high q2 data. It can be seen that the direct and indirect
70% c.l. contours have only a small overlap. If the NuTeV and APV results are included
then the 70% c.l. contour for the indirect determination (dashed line) does not overlap
with that from the direct measurement. If the central values were to remain the same,
then improved precision could indicate a breakdown of the SM. It can also be seen in
fig. 30 that, in all cases, the data favour a low Higgs mass. Furthermore, the region in
the mt-mW plane where both the direct and indirect measurements are situated is just
that region expected in many SUSY models.
The fits given in tab.18 only include electroweak data corresponding to a scale
q2 ≃ m2Z. That is, items 8) and 9) in the list of quantities above, which correspond to
a scale much below m2Z, are not included. The fitted parameters from a global fit to all
the electroweak data, that is items 1)-9) in the above list, are given in tab.19. The χ2
with respect to the minimum value, as a function of the Higgs mass mH, is shown in
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Figure 30. Direct and indirect determinations of mt and mW. The contours shown
are for a confidence level of 70%. The central value of the direct measurements is
shown as a solid point and the contour by a dotted line. The indirect determination
which is shown as a solid line is for all high q2 electroweak measurements, except the
direct measurements of mt and mW. The results obtained when the NuTeV and APV
results are also included in the indirect determination is shown as a dashed line.
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Table 18. Results of the electroweak fits to high q2 data (see text). The value
αs(mZ) = 0.119 ± 0.003 is obtained in these fits.
quantity fit 1 fit 2 fit 3
mt(GeV) 170.6
11.4
−9.0 173.6 ± 4.6 180.8 10.9−8.5
mH(GeV) 82
+109
−41 100
+64
−41 121
+166
−65
mW(GeV) 80.372 ± 0.033 80.379 ± 0.023 80.411 ± 0.023
χ2/df 15.3 / 10 (12%) 15.4 / 11 (17%) 18.5 / 12 (10%)
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∆αhad =
(5)
0.02761±0.00036
0.02747±0.00012
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Figure 31. ∆χ2 as a function of mH for the global fit to all electroweak data. The
shaded region is excluded by direct searches at LEP. The band shows an estimate of
the theoretical uncertainty.
fig. 31. The central value for mH is slightly below the lower limit for direct searches at
LEP (114 GeV at the 95% c.l.). Taking into account the theoretical uncertainty (shown
as a band), the one-sided 95% c.l. is mH ≤ 196 GeV. If the value ∆α(5)had(s) = 0.02747
± 0.00012 [73] is used, then the upper limit becomes 199 GeV.
The pull values of the fitted quantities are shown in fig. 32. The pull for an observable
Oi is defined as (O
meas
i - O
fit
i )/σ
meas
i . It can be seen that the largest pulls are 3.00 for
the NuTeV result and -2.64 for A0, bFB . The rms of the pull values is 1.28. This quantity
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Table 19. Results of the global electroweak fit. The χ2/df is 29/15, a probability of
1.7%. The value for mW is that derived from the fit.
quantity fitted value error
mt(GeV) 174.7 4.4
αs 0.118 0.003
mH(GeV) 85
+54
−34
mW(GeV) 80.394 0.018
has a statistical uncertainty of 0.17, and so is reasonably compatible with unity.
Measurement Pull (Omeas−Ofit)/σmeas
-3 -2 -1 0 1 2 3
-3 -2 -1 0 1 2 3
∆αhad(mZ)(5) 0.02761 ± 0.00036   -.27
mZ [GeV] 91.1875 ± 0.0021    .01
ΓZ [GeV] 2.4952 ± 0.0023   -.42
σhad [nb]
0 41.540 ± 0.037   1.63
Rl 20.767 ± 0.025   1.05
Afb
0,l 0.01714 ± 0.00095    .70
Al(Pτ) 0.1465 ± 0.0033   -.53
Rb 0.21646 ± 0.00065   1.06
Rc 0.1719 ± 0.0031   -.11
Afb
0,b 0.0994 ± 0.0017  -2.64
Afb
0,c 0.0707 ± 0.0034  -1.05
Ab 0.922 ± 0.020   -.64
Ac 0.670 ± 0.026    .06
Al(SLD) 0.1513 ± 0.0021   1.50
sin2θeff
lept(Qfb) 0.2324 ± 0.0012    .86
mW [GeV] 80.451 ± 0.033   1.73
ΓW [GeV] 2.134 ± 0.069    .59
mt [GeV] 174.3 ± 5.1   -.08
sin2θW(νN) 0.2277 ± 0.0016   3.00
QW(Cs) -72.39 ± 0.59    .84
           
Figure 32. Pull distribution for the global electroweak fit.
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The 70 and 95% confidence level contours for the parameters mt and mH are shown
in fig. 33. It can be seen that there is a strong correlation (≃ 0.7) between mt and mH.
The importance of using the direct measurement of mt in improving the constraints on
mH can also be seen.
Figure 33. Fitted values of mt and mH from a fit to a) all electroweak data except
mt and b) all electroweak data, together with the 70 and 95% confidence level contours.
The shaded region is that excluded by the direct Higgs search at LEP.
Although the global electroweak fits which have been carried out in recent years
have always favoured a light Higgs mass, the central fitted values, and the upper limits,
have undergone some important changes. For example, at the time of the ICHEP 2000
Conference in Osaka [87], the fitted value was mH = 60
+52
−29 GeV, with a χ
2 probability of
14%. The main input changes in the fits since then are the updates on the measurement
of mW, the heavy flavour data, the NuTeV NC/CC ratio, the inclusion of QW(Cs) and
the new value of α(mZ). The effect of the inclusion of each of these separately with
respect to the Osaka data is as follows. The updated mW result alone changes the
Osaka mH value by -6 GeV, while the new heavy flavour data change it by +3 GeV.
The inclusion of the new NuTeV NC/CC ratio changes the Osaka mH value by +3 GeV
(but the χ2 increases significantly), whereas the inclusion of QW(Cs) increases mH by
+2 GeV. However, the largest effect comes from the new α(mZ), which with the Osaka
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data gives mH = 88 GeV, i.e. a change of +28 GeV. Thus the overall change of +25
GeV with respect to the Osaka input data comes largely from α(mZ). Note that the
correlation between α(mZ) and mH is about -0.5, so an increase in the value of α(mZ)
used leads to a decrease in the fitted mH value.
As an indication of the importance of the external constraint on α(mZ), a fit to all
electroweak data, but without the α(mZ) constraint, gives mH = 25
+39
−11 GeV. α(mZ)
is strongly correlated with mt and mH, with correlation coefficients of 0.52 and -0.80
respectively.
The various electroweak quantities have different sensitivities to mH. This can be
seen in fig.34, where the results from the seven most sensitive individual measurements,
Mi, are displayed. In each of these fits only the measurement in question is used and
the values mZ = 91.1875 GeV, mt = 174.3 GeV, αs(mZ) = 0.118 and ∆α
(5)
had(mZ) =
0.02761 are imposed. If these quantities were allowed to vary in the fit then their
correlations with mH would be different for each Mi. Thus fig.34 displays only part of
the influence of the observables Mi in the overall fit. It is of interest to quantify which
measured quantities are currently the most sensitive to mH. To see this the measured
quantities are set to the SM values, corresponding to mH = 300 GeV, and the above
single measurement fits repeated. The sensitivities, in decreasing order of sensitivity,
are mW (0.19), ALR (0.20), A
0, b
FB (0.24), ΓZ (0.27), Pτ (0.33), A0, ℓFB (0.45) and A0, cFB (0.65),
where the quantities in parentheses are the fit errors on log10(mH).
What conclusions can be drawn about mH from the above results ? There are
two, or more, points of view. Firstly, one can note that the overall χ2 of 29/15 df has
a probability of 1.7%. Although this is somewhat on the low side, we expect some
statistical fluctuations, even if all the measurements are reliable and taken at face value.
Table 20. Sensitivity of fitted mH value and upper limit to input data. The NuTeV
measurement is not included in these fits.
fit mH GeV 95% c.l. (GeV)
standard 81+49
−32 174
if exclude ALR 108
+66
−43 233
if exclude A0, bFB and A
0, c
FB 43
+32
−18 106
if exclude ALR,A
0, b
FB and A
0, c
FB 48
+44
−23 135
if scale errors 75+58
−35 189
An alternative approach is to conclude that the large overall χ2 is either indicating
a breakdown of the SM or that one, or more, measurements contributing to the χ2 are,
at some level, incorrect.
The largest contribution to the overall χ2 (9 out of 29) comes from the NuTeV
NC/CC ratio. If this measurement is removed from the fit the χ2 reduces to 20
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Figure 34. Sensitivity of individual electroweak measurements to the Higgs mass,
mH. The error bars shown correspond to one standard deviation. The one standard
deviation results of the fit to all the data is shown as a vertical band.
(probability of 14%) and the fitted value of mH is not significantly changed: it is
reduced by about 3 GeV. The NuTeV measurement is of great interest, in that it
might be an indication of physics beyond the Standard Model. However, the present
accuracy, measured in terms of the equivalent uncertainty on value of mW, is such that
the inclusion of the result does not significantly change the extracted mH value, but it
does increase substantially the χ2. To investigate the effects of the other measurements,
the NuTeV result is omitted in the following considerations.
For the remaining measurements it is mainly the quantities most sensitive to mH
which give the largest contributions to χ2. Namely, A0, bFB , A
0, c
FB, ALR, mW, A
0, ℓ
FB, ΓZ and
Pτ contribute 15 to total χ2 of 20, so maybe one should scale these errors by their√
χ2/(df − 1)) = 1.6 ? Tab. 20 gives the results for the central values and 95% c.l.
upper limits, without consideration of the theoretical uncertainty, for a series of fits. It
can be seen that the 95% c.l. upper limit increases to 233 GeV if the ALR measurement
is excluded from the fit, but decreases to 106 GeV if A0, bFB and A
0, c
FB are both excluded.
Excluding both ALR and the heavy flavour asymmetries A
0,b
FB and A
0, c
FB still favours a
light Higgs. If the errors of the Higgs sensitive quantities are scaled, as discussed above,
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then the central value does not change much, but the 95% c.l. upper limit increases to
189 GeV.
7.3. Direct Higgs search and limits and electroweak fits
In the above discussion neither the lower limit on the direct search for the SM Higgs
boson at LEP 2, nor the possible observation of a signal, are taken into account in the
electroweak fits. A signal, with a mass of about 115 GeV and compatible with being
from the SM Higgs boson, has been found at LEP, with a statistical significance of about
2 standard deviations [3].
In the experimental analysis, the main channel searched for is e+e− → ZH, followed
by the decay H→ bb. This is a threshold process, so the searches for this Zbb topology
in the highest cms energy runs at LEP 2 (
√
s up to 209 GeV) were the most important.
In the experimental analysis events are classified in terms of the mass mH of a potential
Higss boson and a variable G quantifying the Higgs-like nature of the event. This
likelihood variable G is constructed to be large for a Higgs-like topology and small for
a background topology. A likelihood ratio Ls+b/Lb is constructed, as a function of mH,
where b is the hypothesis of background only, and s+b that for a Higgs signal plus
background. This test statistic amounts essentially to the difference in the χ2 between
the two hypotheses, and shows a possible Higgs signal at a mass around 115 GeV [3].
In the analysis the probablility is calculated, as a function of mH, that the
background could fluctuate to the level seen in the data, and whether the excess is
compatible with the expected production rate of the SM Higgs boson. This latter point
is well defined, since the production rate is known if mH is specified. Note however
that, in addition to the possible signal at 115 GeV, there are other signals of smaller
significance. Furthermore, nothing can be said about the region beyond the kinematic
range of LEP. Indeed, further Higgs bosons could exist at higher masses, as expected in
SUSY models. In this case the SM would be shown to be invalid.
In electroweak fits, it is assumed that there is just one Higgs boson of unknown
mass. The Higgs mass which gives the best fit to all the data is found and, provided
the overall probablility that the SM fits the ensemble of electroweak data is satisfactory,
the value or limits found are the best (indirect) estimates of mH, within the context of
the SM. Thus the statistical question addressed in the electroweak fits is rather different
to that in the direct search, and so the information is difficult to combine. However, it
should be noted that the electroweak fits are certainly compatible with a Higgs of mass
115 GeV.
The lower limit on mH from the direct search at LEP 2 is about 114 GeV, at the
95% confidence level. Since the production cross-section for the Higgs boson falls off
rapidly with increasing Higgs mass, the limit for lower Higgs masses is much more
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stringent. This lower limit can be represented essentially as a ‘brick wall’ in the χ2 of
the electroweak fit, in that we know that the SM Higgs cannot be significantly below
the lower limit, or else it would have been observed.
The non observation of the SM Higgs can be incorporated into the electroweak fits,
provided additional assumptions are made. It is first assumed that the prior probability
for the Higgs boson is uniform as a function of log(mH). The χ
2 probabilities for the
electroweak fits to all data are then computed, as a function of mH, between some very
low mass value (in practice 3 GeV is used here) and 1000 GeV, where the theory breaks
down. The differential or relative probablity distribution, as a function of log(mH), is
then constructed, such that the overall probablity that the Higgs is in this mass range
is unity. This is because, in the absence of further information, the SM Higgs should
exist in this range. The experimental lower limit is taken into account by computing
the probability again, this time from a lower limit of 114 GeV up to 1000 GeV. This
probability is then normalised to unity, as we are assuming now that the SM Higgs is in
this mass range. The distributions of the probabilities obtained, with and without the
use of the lower limit, are shown in fig.35. From the cumulative probability distribution
a 95% confidence level upper limit can be extracted. This is about 215 GeV for the
case where no lower direct limit is imposed, and rises to about 275 GeV when the direct
limit is imposed. This increase in the limit is just a consequence of restributing the unit
probability into a more restricted area.
In summary, from the considerations in this and previous sections, the best estimate
for the Higgs mass is that it is relatively light. However, the data are not fully
compatible, so some caution should be made in drawing conclusions.
7.4. Further considerations of the NuTeV result
As discussed in section 6.3, the main discrepancy from the NuTeV data with respect
to the SM is in the value of g2L, which is about 1% below the SM prediction. A recent
review of both the theoretical corrections needed for the measurement, and for possible
interpretations in terms of physics beyond the SM, can be found in [88]. The NuTeV
analysis assumes that s = s¯, for the strange-sea. It is suggested in [88] that if this
equality is violated, such that s − s¯ ≃ 0.002, as obtained from neutrino dimuon data,
then a good fraction of the anomaly can be explained. However, NuTeV dimuon data
give s−s¯ ≃ -0.0027 ± 0.0013. That is, the measured NuTeV asymmetry has the opposite
sign, and using this value would increase the significance of the anomaly.
It is interesting to note that the NuTeV data, when interpreted in terms of a
deviation of the neutrino NC rate, gives ρ2 = 0.9884 ± 0.0042 [89]. That is, the ν
couplings are (1.16 ± 0.42)% less than their SM values. From the results given in
section 3.4, it can be computed that the ratio of the invisible width of the Z-boson to
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Figure 35. Relative probabilty (a) and cumulative probabilty (b), as a function of
log10(mH), for the cases where no lower limit is imposed (solid circles) and where a
lower direct limit of 114 GeV is imposed. This limit is shown as a dashed line.
the SM value (i.e. for Nν = 3) is 0.9947 ± 0.0028, which is (0.53 ± 0.28)% less than the
SM value. It worth pointing out that the energy scales probed are very different; with
q2 ≃ -20 GeV2 (t-channel) for the neutrino beam, and q2 ≃ 8300 GeV2 (s-channel) at
LEP. The current precision of the data is not sufficient to draw any firm conclusion on
a possible violation of the SM for the neutrino NC couplings.
Various possibilities in terms of physics beyond the SM, which might explain the
NuTeV anomaly (if it is taken to be real) are discussed in [88]. In general it is found
that models which preserve a fair degree of symmetry have difficulty in explaining the
results. SUSY models, for example, give effects which are too small in magnitude and
of the wrong sign. Only models in which the couplings are much more ad hoc can be
tuned to fit the data, but these tend to have a large number of parameters.
7.5. Quasi model-independent variables
The information content of all of the precision electroweak quantities can, to a very
good approximation, be described by four quasi model-independent quantities ǫ1,ǫ2,ǫ3
and ǫb [90], plus αs(mZ).
The ǫ’s are defined as follows:
ǫ1 = ∆ρ (72)
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ǫ2 = c
2
0∆ρ+
s20∆rw
(c20 − s20)
− 2s20∆κ (73)
ǫ3 = c
2
0∆ρ+ (c
2
0 − s20)∆κ (74)
where the axial-vector and vector Z-lepton couplings are (see eqn. 27)
aℓ = −1
2
(1 + ∆ρ/2) (75)
and
vℓ/aℓ = 1− 4 sin2θlepteff = 1− 4(1 + ∆κ)s20 , (76)
with
s20c
2
0 =
πα(mZ)√
2GFm2Z
. (77)
Numerically, s20 = 0.23118. The quantity ∆rw is given by mW
(1− m
2
W
m2Z
)
m2W
m2Z
=
πα(mZ)√
2GFm
2
Z(1−∆rw)
. (78)
Inserting the value of s20, the expression for ǫ3 becomes
ǫ3 = 0.77∆ρ+ 0.54∆κ . (79)
In this approach it is assumed that new physics, beyond the SM, enters through
gauge-boson propagator (vacuum polarisation) functions and/or vertex corrections to
the Zℓ+ℓ− vertex, assuming lepton universality. The effects arising through propagator
contributions are often called oblique electroweak corrections.
Note that the measurements of the total or partial Z widths, which constrain
∆ρ, contribute to both ǫ1,ǫ2 and ǫ3, whereas measurements of sin
2θeff , from forward-
backward or other asymmetry measurements, contribute only to ǫ2 and ǫ3. The direct
measurement of the W mass determines ∆rw, and this only enters in the variable ǫ2.
Data on the Zqq¯ vertices can also introduced if it is further assumed that all
additional deviations from the SM are contained in the vacuum polarisation functions
and/or the Zbb¯ vertex. Further, αs(mZ) must also be introduced to describe the QCD
corrections. A new parameter ǫb is needed to describe the Zbb¯ vertex and is defined
such that
ab = aℓ(1 + ǫb) (80)
and
vb
ab
=
1− 4
3
sin2θlepteff + ǫb
1 + ǫb
. (81)
The determination of ǫb comes essentially from the measurement of Rb. As noted
previously, the forward-backward asymmetries for heavy-quarks depend mainly on Ae.
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For the other quarks, small corrections are made in order to obtain ∆ρ and ∆κ from
the extracted values of the quark vector and axial-vector couplings. These corrections
are computed in the SM. Corrections are made for QCD effects where necessary, using
the ZFITTER package. With these additions, all the LEP and SLD measurements can
be included in the fits.
In the SM, the main dependence on mt is either quadratic or logarithmic, whereas
the dependence onmH is only logarithmic. The parameter ǫ1 depends onm
2
t and ln(mH),
ǫ2 depends on ln(mt) , ǫ3 depends on ln(mH) and ln(mt) and ǫb depends on m
2
t . The
SM contributions to the Zbb¯ vertex come from t-W-b loops.
Of course, the usefulness of these variables, or the closely related S,T and U
variables [91]†, is in studying physics beyond the SM. The aim is thus to reduce the
errors on the ǫ’s to be as small as possible, so as to be as sensitive as possible to such
physics.
The result of a fit to the electroweak data is given in table 21 ‡. The contour plots for
the 70% confidence levels for ǫ1, ǫ2 and ǫ3 are also shown in fig. 36. The direct top-quark
mass measurement and the NuTeV result are not included, the latter because the result
is expressed as a function of mt and mH. The value of α(mZ) is constrained according
to eqn.(56). The value of αs(mZ) is fitted from the data. If the constraint αs(mZ) =
0.118 ± 0.002 is imposed, then the central values of the ǫ variables are shifted by only
a small amount. The results are, as expected, compatible with the SM expectations at
the values of mt and mH discussed in previous sections (see fig. 36). From table 21 it
can be seen that the value of ǫb is strongly correlated to that of αs(mZ). In the SM, ǫb
= -5.8 10−3 for mt = 175 GeV, and is essentially independent of mH.
The variable ǫ1 is sensitive to new physics which violates the custodial weak isospin
symmetry, whereas ǫ3 is an isospin symmetric observable. The ǫ (or S,T,U) variables
have been used to place severe constraints on some technicolour theories. In these
theories (see e.g. [94]) an alternative approach to symmetry breaking is advocated,
in which the symmetry breaking arises from strongly interacting technicolour effects.
Technicolour is analoguos to QCD, but with an expected characteristic scale of ΛTC ≃
500 GeV, compared to the QCD scale Λ ≃ 200 MeV. There should also be a spectrum
of techniparticles (techniπ, techniρ etc.), none of which have so far been observed. The
most reliable predictions are for the variable ǫ3. For the simplest cases [91], the deviation
from the SM value of ǫ3 is given in terms of the number of technicolours NTC as
∆ǫ3 ≃
{
0.0035 + 0.0009(NTC − 4)
0.013 + 0.003 (NTC − 4), (82)
† These are related approximately as follows: ǫ1 = αT , ǫ2 = −αU/4 sin2θeff and ǫ3 = αS/4 sin2θeff .
Other roughly equivalent formalisms exist in the literature.
‡ An indication of how the experimental situation has evolved can be seen by comparing the fits here
with those in [92, 93].
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where the first line is for a doublet of NTF = 2 technifermions, and the second
line for a full technigeneration (NTF = 8). An alternative formulation [91] gives
∆ǫ3 ≃ 0.0024(NTF/2)(NTC/3), giving values close to those of eqn.(82).
The experimental limit on ∆ǫ3 = ǫ3(meas) - ǫ3(SM) is ∆ǫ3 ≤ 1.5 10−3, at the 95%
c.l. Thus, within the context of this technicolour model, a full technigeneration can
be excluded, and a single doublet of technifermions is almost excluded. However, in
developments of the technicolour ideas in walking technicolour [95], and other variants,
these limits can be evaded, since ∆ǫ3 can be smaller or even negative. Note that,
in general, QCD-like models have difficulties in preventing flavour-changing neutral-
currents or in giving too fast a rate for proton decay.
An alternative scenario for new physics is the existence of a fourth generation of
fermions, which are heavy on the scale of mZ. These would contribute through ff¯ loop
corrections to the propagators. A complete heavy degenerate fourth generation would
contribute ∆ǫ3 = 0.0017, and so is at the limit of exclusion at the 95% c.l.
The effect of SUSY depends on the mass spectrum of the SUSY particles. In the
‘heavy’ limit, where all the s-particles are rather massive, then the MSSM predictions
tend to reproduce the SM results corresponding to a light Higgs in the region mH ≃ 100
GeV (see [96]). This scenario is, of course, compatible with the electroweak data.
Table 21. Results of the fit to the ǫ variables to all electroweak data, with the
exception of the direct measurement of mt. The correlation matrix is also given. The
χ2 for the fit is 16/10 df, a probability of 11%.
parameter fitted value ǫ1 ǫ2 ǫ3 ǫb αs(mZ)
ǫ1 (5.7± 1.0)10−3 1.00 0.62 0.86 0.00 -0.37
ǫ2 (−9.4 ± 1.2)10−3 1.00 0.40 0.00 -0.26
ǫ3 (5.5± 1.0)10−3 1.00 0.02 -0.27
ǫb (−4.2 ± 1.6)10−3 1.00 -0.64
αs(mZ) 0.115± 0.004 1.00
8. Future prospects
If the Higgs mass were mH = 115 ± 1 GeV, as the direct search at LEP 2 might indicate,
then if this constraint is introduced into the SM fit using the present measurements,
the top-quark mass increases by 2.0 GeV, due to the correlation with mH. The error is
reduced from δmt = ± 4.4 to ± 3.1 GeV. The χ2 probability increases slightly to 2.2%,
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Figure 36. Results of a fit to ǫ1, ǫ2 and ǫ3, in units of 10
−3, showing the 70%
confidence level contours and the expectations in the SM, for different values of mt
and mH. For ǫ1 versus ǫ2 there is little sensitivity to mH.
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Table 22. Effect of expected improved precision on mH.
fit mH GeV χ
2/df
now: δmt = ± 5.1 GeV, δmW = ± 33 MeV 85+54
−34 29 / 15
if δmt = ± 2.0 GeV, δmW = ± 33 MeV 83+38
−28 29 / 15
if δmt = ± 5.1 GeV, δmW = ± 15 MeV 67+40
−27 34 / 15
if δmt = ± 2.0 GeV, δmW = ± 15 MeV 50+21
−16 35 / 15
if δmt = ± 1.0 GeV, δmW = ± 10 MeV 35+12
−10 38 / 15
and the other quantities are largely unchanged, since the standard fit is compatible with
this Higgs mass.
Some improvements are expected, in the relatively near future, on the precision of
the W boson and top quark masses. For mW, the final LEP value is still awaited and
Run 2, at the Tevatron, should produce a much improved precision compared to Run 1.
The same holds for the top quark mass. It is difficult to make a precise estimate of the
improvements, but to give an indication of what the impact would be, δmt = ± 2.0 GeV
and δmW = ± 15 MeV are taken. The effect of these on the global electroweak fit is
given in tab.22, where it is assumed that the present central values remain unchanged.
It can be seen that improved precision in the measurements of both mW and mt is
needed. If this were achieved, and if the central values remain unchanged, then the 95%
c.l. upper limit for mH would be 87 GeV, plus the theory uncertainty. This would be
incompatible with the direct search limits, and thus would indicate a breakdown of the
SM. If the limits given in the last line of tab.22 could be achieved, namely δmt = ± 1.0
GeV and δmW = ± 10 MeV, this would give a very precise central value for mH, and
the 95% c.l. upper limit would reduce to 56 GeV.
9. Summary
Most of the LEP 1 data, apart from some of the heavy flavour data, are now finalised
and published. For the Z-fermion couplings at a scale q2 ≃ m2Z, those of the b-quark, and
to a lesser extent those of the τ -lepton, are the least consistent with SM expectations.
More precise data are needed to see if there is indeed an inconsistency for the third
fermion generation.
The measurements from the NuTeV experiment might also indicate an inconsistency
in the SM. It is thus important that this situation is resolved by improved experiments.
The Higgs mass appears to be relatively light, but some of the data are rather
inconsistent. More work on α(mZ) is needed, as this quantity has a strong influence on
the extracted mH value. The precision on both mW and mt needs to be improved at
the Tevatron in order to significantly improve the accuracy on the Higgs mass. This is
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important, particularly if the central values remain essentially unchanged. In this case,
there would be clear incompatibilities in the Standard Model.
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